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ABSTRACT 
Chemical fingerprints of volcanic airfall deposits obtained from high-precision 
electron microprobe analysis of glass and phenocrysts phases provide geochemical 
correlations with temporal precision unattainable by other methods. In this research 
electron microprobe analysis (EMA) techniques, to fingerprint chemically and correlate 
fresh and altered volcanic airfall deposits, have been utilized to test the value of this tool 
for future research on stratigraphic correlation. The following samples were chosen from 
within a variety of sedimentary rocks widely separated spatially and temporally: 
 ~450 Ma old upper Middle Ordovician K-bentonites (altered volcanic airfall 
deposits) collected from eastern United States.  
 Relatively fresh Pleistocene tuff from ~74 ka old Youngest Toba Tuff (YTT) 
eruption in Sumatra (Indonesia). 
 Fresh Pleistocene volcanic ash from India, and Sulu Sea ODP cores. 
This research confirms 14 K-bentonite correlations, of which 10 are reported for 
the first time, based on chemical compositions of apatite phenocrysts and melt inclusions 
in quartz phenocrysts. Significant K-bentonite research findings include: 
1. Chemical correlation of Hounsfield K-bentonite and the Millbrig K-bentonite. 
2. Several new chemical correlations of K-bentonite beds from within the 
Ordovician rocks in Taconic foreland basin. 
3. Melt inclusion chemistry might be the more effective tool for differentiating 
closely spaced K-bentonites than that of apatite.  
Biotite phenocrysts, melt inclusions in quartz and plagioclase phenocrysts, and 
glass shard chemistry of proximal and distal YTT ash successfully discriminate it with 
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other closely spaced ash layers. This research reports for the first time, the presence of 
melt inclusion bearing plagioclase from Pleistocene volcanic ash from India and 
correlates it chemically to the YTT. The Pleistocene ash from Sulu Sea ODP was not 
produced by YTT eruption. 
The best discriminating elements observed are: 
1. Toba biotites - Mn, Ti, Cl, Mg and Fe. 
2. Ordovician apatites - Mn, Mg, Fe, Cl, and F (new finding). 
3. Melt inclusions and glass shards - Ca, Fe, Mg, Mn, Cl, Ti, K and Na. 
Using a dual approach, i.e., glass as well as phenocryst chemical signatures, 
makes a better tool for differentiating or correlating vertically closely spaced or 
geographically widely spaced volcanic airfall deposits. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 BACKGROUND INFORMATION 
 
Establishing time relationships among geologic units has always been a challenge 
to geologist. Ideal time markers should be deposited or formed instantaneously, 
widespread, conspicuous and unique. Geologic events that were separated by tens of 
years (or more) cannot be resolved in the stratigraphic rock record. These events are 
considered instantaneous with respect to the geological time scale (Prothero, 1990). 
Airfall deposits, produced by geologically instantaneous events (e.g., explosive volcanic 
eruptions, meteoritic impact), are distributed over broad geographic regions, deposited 
within hours, days, or weeks, and are distinctive (if preserved) within the sedimentary 
records. Therefore, airfall deposits are ideal "time planes" and valued as important 
temporal tool in stratigraphic correlation. 
Volcanic airfall deposits and their altered equivalent (K-bentonites) have long 
been utilized in stratigraphic correlation (Acharya and Basu, 1993; Baird and Brett, 2002; 
Bogaard and Schmincke, 1985; Bohor and Triplehorn, 1993; Borchardt et al., 1973; 
Cerling and Brown, 1982; Cisne et al., 1982; Cramp et al., 1989; Delano et al., 1994; 
Haynes et al., 1995; Huff, 1983a; Huff et al., 1999; Kay, 1931; Kolata et al., 1996, 1998; 
Lyons et al., 1992; McVey and Huff, 1993; Mitchell et al., 1994; Nelson, 1922; Samson 
et al., 1995; Sardeson, 1924, 1928; Sarna-Wojcicki et al., 1984, 1985, 1987; Shaw, 1964; 
Westgate and Gorton, 1981; Westgate et al., 1987, 1994; Whitcomb, 1932). Since, glass 
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and phenocryst phases generated by each volcanic eruption have distinguishable chemical 
compositions ("fingerprint"), individual airfall deposits can in many cases be identified 
unambiguously based on their geochemistry and can be correlated regionally.  
Chemical fingerprinting of volcanic rocks and its application to correlation date 
back to the late 1960s and 1970s (Borchardt et al., 1971, 1973; Jack and Carmichael, 
1969; Randle et al., 1971; Smith and Nash, 1976). In the last two decades 
tephrochronological and geochemical studies have led to the development of various 
fingerprinting techniques and tools (e.g. phenocryst morphology, bulk-ash geochemistry, 
phenocryst chemistry, glass shard chemistry, melt inclusion chemistry) that can be 
employed for stratigraphic correlation of ash layers (Chesner, 1988; Chesner et al., 1991; 
Dehn et al., 1991; Delano et al., 1994; Hanson et al., 1996; Haynes et al., 1995; Huff, 
1983a; Huff and Kolata, 1990; Kolata et al., 1986, 1987, 1996; Ninkovich et al., 1978b; 
Samson et al., 1988, 1995; Sarna-Wojcicki and Davis, 1991; Schirnick, 1990; Shane et 
al., 1995; Westgate et al., 1994, 1998). 
Recent developments in high-precision electron microprobe analysis on glass and 
phenocrysts have further improved the abilities to fingerprint fresh as well as altered 
volcanic airfall deposits accurately (Adhya et al., 1999a, 1999b, 2000; Dannenmann, 
1997; Delano et al., 1994; Hanson, 1995; Hanson et al., 1996; Haynes et al., 1995; 
Mitchell et al., 1994; Samson et al., 1995; Shane et al., 1995; Westgate et al., 1998). 
Correlations obtained using this technique can provide temporal precision that is not 
attainable by other commonly used methods (e.g. radiometric dating, biostratigraphy). 
This research involves utilization of electron microprobe analysis techniques to 
fingerprint and correlate the following:  
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a. Upper Middle Ordovician K-bentonites within sediments from the Taconic foreland 
basin (e.g. New York Promontory, Pennsylvania Reentrant, and Virginia Promontory) 
and the cratonic interior (e.g. Jessamine Dome, central Kentucky), eastern United 
States. 
b. The Youngest Toba Tuff, Sumatra (Indonesia), proximal ash (welded and non-welded 
tuff from Toba caldera, Indonesia) and distal ash (airfall deposits from the Indian sub-
continent). 
 
1.2 EXPLATION OF TERMINOLOGIES 
 
(1) K-bentonite: Unaltered volcanic airfall deposits are widely described as “tuff”, 
“tephra”, and "ash" and its derivatives (e.g. volcanic ash, ash fall deposit, ash fallout, ash 
bed/horizon etc.) in the geological literature. However, descriptions of its altered remains 
raise questions on the usage of various terminologies (e.g. “bentonite”, “metabentonite”, 
“K-bentonite”, “potassium bentonite”, “tonstein”). While most of these terminologies 
describe physical properties of the sediments, they have also been used to imply their 
volcanic origin demonstrated in the following definitions (Altaner et al., 1984; Bohor and 
Triplehorn, 1993; Grim and Güven, 1978; Visser, 1980): 
a. Bentonite - dominantly smectite rich clay horizon formed by devitrification and 
chemical alteration of volcanic rocks in marine environment; 
b. Metabentonite - recrystallized bentonite "incapable of absorbing or adsorbing large 
quantities of water" or bentonite that has gone through low-grade metamorphism; 
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c. K-bentonite - clay layer comprising mixed layered illite/smectite instead of smectite 
as the dominant phase; 
d. Tonstein - nonmarine kaolinitic layers formed by "in situ alteration of air-fall 
volcanic ash". 
Knight (1898) proposed the term “bentonite” to describe a soft, soapy, absorbent 
clay discovered near Fort Benton, Wyoming. Hewett (1917) and Wherry (1917) proposed 
a volcanic origin for “bentonite”. Grim and Güven (1978) indicated that bentonites might 
have other modes of origin in addition to in situ alteration of volcanic ash or tuff (e.g. 
hydrothermal alteration of igneous rocks, deuteric alteration of igneous rocks). Roen and 
Hosterman (1982, 1983) pointed toward the misuse of the term “bentonite” to describe 
altered volcanic ash and suggested its replacement with the term “ash”. Huff (1983b) 
argued that the term “ash” is purely volcanologic and should be avoided for describing 
altered pyroclastic materials. He suggested using a term that is “unambiguous, 
descriptive, and well established” such as “K-bentonite”. 
For more than two decades, the term “K-bentonite” has been used to refer to K-
rich clay beds of altered pyroclastic materials. Approved by the North American 
Stratigraphic Code this term is well established in the literature. The thin line between 
“bentonite” and “K-bentonite” can only be drawn by accurate determination of clay 
mineralogy using X-ray diffraction (XRD) techniques that were out of the scope of this 
study. In this dissertation, the term “K-bentonite” describes any clay sample collected 
from the upper Middle Ordovician rocks of United States that physically resembles well-
known altered airfall deposits of similar age. 
 5
(2) YTT ash: Lake Toba (100 km  30 km, oblate shaped), the largest Quaternary 
caldera on Earth is located in northern Sumatra, Indonesia. During the past 1.2 Million 
years, this dormant volcano experienced a series of explosive eruptions (Chesner and 
Rose, 1991). The latest and the most violent one produced the Youngest Toba Tuff 
(YTT) around 73  4 ka (Chesner, 1998; Chesner et al., 1991). The extraordinary 
magnitude and near equatorial (245'N, 9845'E) location of the Toba caldera caused a 
worldwide dispersal of pyroclastic materials (Rampino and Self, 1992, 1993; Rose and 
Chesner, 1990; Woods and Wohletz, 1991).  
YTT airfall deposits have been documented in the Bay of Bengal and northeastern 
Indian Ocean >3000 km from the caldera (Dehn et al., 1991; Martin-Barajas and Lallier-
Verges, 1993; Ninkovich and Donn, 1976; Ninkovich et al., 1978a, 1978b; Rose and 
Chesner, 1990, 1987). It has also been identified in lacustrine and fluvial sediments over 
wide areas of Malaysia and in the Indian sub-continent, in ODP sites in South China Sea, 
and in abyssal sediments of the central Indian basin (Acharya and Basu, 1993; Adhya et 
al., 1999b; Bühring et al., 2000; Chesner et al., 1991; Lee et al., 1999, 2000; Pattan et al., 
1999; Shane et al., 1995; Westgate et al., 1998). In this dissertation, “YTT ash” refers to 
the pyroclastic materials (proximal as well as distal ash) generated during the eruption of 
the Youngest Toba Tuff (YTT). 
(3) Fingerprinting/geochemical fingerprinting, fingerprints/chemical signatures: 
The scientific study (including field and laboratory methods) to identify a geologic 
sample uniquely is called "fingerprinting". Glass and phenocrysts generated by each 
volcanic eruption are unique in their chemical composition. Therefore, "fingerprinting" 
an airfall deposit based on its geochemistry is reliable and applied commonly (e.g. Adhya 
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et al., 1999a, 1999b; Chesner, 1988; Chesner et al., 1991; Dehn et al., 1991; Delano et al., 
1994; Hanson et al., 1996; Haynes et al., 1995; Huff, 1983a; Huff and Kolata, 1990; 
Kolata et al., 1986, 1987, 1996; Ninkovich et al., 1978b; Samson et al., 1988, 1995; 
Sarna-Wojcicki and Davis, 1991; Shane et al., 1995; Westgate et al., 1994, 1998).  
In this dissertation, the term "geochemical fingerprinting" refers to the methods 
employed to identify uniquely an ash or K-bentonite layer based on the glass and/or 
phenocryst chemistry. The chemical compositions of glass and phenocrysts are the 
"fingerprints" or "chemical signatures” that identify these airfall deposits uniquely. 
(4) Geochemical correlation: To establish a correlation a single ash layer must be 
identified unambiguously in geographically separated outcrops. Various correlation 
techniques have been used in the past e.g. "bar-coding", tracing K-bentonites relative to 
prominent stratigraphic features, mineralogy, fingerprints based on bulk ash, phenocryst, 
and melt inclusion chemistry etc. (Chesner et al., 1991; Cisne et al., 1982; Dannenmann, 
1997; Delano et al., 1994; Hanson, 1995; Haynes et al., 1995; Huff, 1983a; Huff and 
Kolata, 1990; Kolata et al., 1986, 1987, 1996; Mitchell et al., 1994; Ninkovich et al., 
1978b; Rickard, 1962; Samson et al., 1995; Sarna-Wojcicki and Davis, 1991; Schirnick, 
1990; Shane et al., 1995; Smith and Nash, 1976; Westgate et al., 1998). In this 
dissertation, "geochemical correlation" refers to the stratigraphic correlations established 
by utilization of the chemical signatures of glass and phenocryst phases extracted from 
airfall deposits. 
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1.3 NATURE OF THE PROBLEM AND RESEARCH GOALS 
 
1.3.1 The upper Middle Ordovician K-Bentonites 
 
The upper Middle Ordovician rocks of the Taconic foreland basin and the cratonic 
interior are widely separated (geographically), and have experienced different tectonic 
histories (Baird and Brett, 2002; Bradley, 1989; Ettensohn, 1991; Lash, 1988; Rodgers, 
1971). 
K-bentonites, graptoliferous shales, and conodont-bearing limestones exist in all 
of these regions, often as mixed carbonate and siliciclastic facies (Kolata et al., 1996; 
Lehmann et al., 1995). Each of these areas has been the subject of extensive 
biostratigraphic investigation (Sweet, 1984, 1987, 1988). Several sequence stratigraphic 
studies have also been conducted (Brett et al., 2004; Diecchio and Broderson, 1994; 
Holland, 1990, 1993; Holland and Patzkowsky, 1996, 1997; Leslie and Bergström, 1995; 
McLaughlin et al., 2004; Patzkowsky and Holland, 1993; Pope and Reed, 1995, 1997a, 
1997b; Ross and Ross, 1995; Witzke and Kolata, 1988). The above-mentioned 
biostratigraphic and sequence stratigraphic studies have created many correlation 
schemes; some of which are ambiguous (e.g. sequence boundaries may cut across time 
lines (Leslie and Bergström, 1995), and others provide coarse resolution (e.g. 
biostratigraphic zonations). 
Precise sets of chronostratigraphic correlation among study sections are essential 
for comparing the timing of facies development across a broad area (Miall, 1992). Precise 
correlation through disparate facies across the study region (Middle Ordovician rocks 
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within the Taconic foreland basin and the cratonic interior) is not available currently for 
the following reasons:  
a. Biostratigraphic zonations are limited by the occurrence of the fossils on which they 
are based. In addition, biostratigraphy cannot provide sufficient temporal resolution 
required for precise correlation. 
b. Sequence stratigraphic models have not been tested in active margin settings where 
tectonic forces (Bradley and Kidd, 1991, Shaw, 1993) play a considerable role on 
facies development.  
Geochemical fingerprinting of K-bentonites utilizing the high-precision electron 
microprobe analysis (EMA) on glass (e.g. melt inclusions in quartz) and apatite 
phenocrysts may overcome these limitations. The K-bentonites may provide synchronous 
horizons that can be used to construct a chronostratigraphic model of high resolution, 
independent of both biostratigraphic and sequence stratigraphic approach. 
Precise chronostratigraphic correlation schemes already exist for the upper 
Middle Ordovician rocks in the Mohawk Valley, NY (Brett et al., 2004; Baird and Brett, 
2002; Delano et al., 1994; Goldman et al., 1994; Mitchell et al., 1994) based on K-
bentonite isochrons and biostratigraphic zonations. This research is aimed to expand the 
existing precise chronostratigraphic correlation scheme along the Taconic foreland basin 
and the cratonic interior based on K-bentonite isochrons. 
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1.3.2 The Youngest Toba Tuff 
 
The ignimbrite eruption that produced the Youngest Toba Tuff (YTT) occurred at 
73  4 ka (Chesner et al., 1991) in northern Sumatra, Indonesia 245'N, 9845'E. The 
Toba eruption is one of the largest explosive rhyolitic eruptions in the last 450 million 
years (Ninkovich et al., 1978b; Rampino and Self, 1993; Rose and Chesner, 1990). YTT 
ash has been reported in deep-sea cores > 3000 km away, also been identified in 
lacustrine sediments over wide areas of Malaysia and the Indian subcontinent (Acharya 
and Basu, 1993; Dehn et al., 1991; Martin-Barajas and Lallier-Verges, 1993; Ninkovich, 
1979; Ninkovich and Donn, 1976; Ninkovich et al., 1978a, 1978b; Rose and Chesner, 
1990, 1987; Shane et al., 1995, Westgate et al., 1998). 
Substantial high quality geochemical data from glass shards and phenocrysts 
(Chesner, 1988; Dehn et al., 1991; Shane et al., 1995; Westgate et al., 1998) exist; 
however, data on the melt inclusion composition of any of the Toba eruptions is limited 
(Beddoe-Stephens et al., 1983). Previous studies indicate that the glass shard 
compositions between the YTT and other unrelated eruptions from the same source (i.e. 
Toba Caldera) are very similar (Dehn et al., 1991; Westgate et al., 1998). It has been 
suggested that the glass composition of the YTT remains constant over distances of 
several thousand kilometers (Rose and Chesner, 1987). No published report on the 
presence of melt inclusion-bearing phenocryst phases from distal tephra exists. 
In this research, improvements on the chemical constraints of the YTT have been 
made by geochemical fingerprinting of melt inclusions, additional glass shards, and 
biotites from proximal as well as distal tephra (discussed in Chapter 4). 
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CHAPTER 2 
SAMPLES: COLLECTION, LOCALITIES AND STRATIGRAPHIC SECTIONS 
 
2.1 INTRODUCTION 
 
The samples to fulfill the purpose of this research i.e., to fingerprint 
geochemically volcanic airfall deposits and their altered equivalents for stratigraphic 
correlation, comprised the following: 
 Ordovician K-bentonites (altered volcanic airfall deposits) collected from the 
eastern United States; 
 Relatively fresh Pleistocene tuff and volcanic ash collected from India and 
Southeast Asia (Toba, Indonesia, and Sulu Sea).  
 
The amount (volume) of samples collected and collection techniques varied 
depending upon goal of the study, sample type, and mode of occurrences. 
K-bentonites: The goal was to sample the K-bentonites so that the volume of 
samples collected were adequate for yielding an optimal number of fingerprintable 
apatites and/or melt inclusion-bearing quartz. Typically, 2 to 3 kilogram of sample was 
collected if the K-bentonite occurred within shale; and as much as possible if the K-
bentonite occurred in limestone. Fresh K-bentonites were exposed by removing the 
weathered surface and collected with a combination of a chisel, shovel, pick and/or 
hammer. Fresh samples were labeled and stored in plastic bags. Sample collection tools 
were cleaned before re-sampling to avoid contamination. 
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Pleistocene volcanic ash and tuff: The goal was to obtain fingerprintable glass 
phases (e.g., glass shards and melt inclusion-bearing phenocrysts) and phenocryst phases 
(e.g., biotites). The volume of samples collected varied between 100 to 250 grams. 
 
2.2 THE UPPER MIDDLE ORDOVICIAN SAMPLE LOCALITIES 
 
K-bentonite samples were collected jointly by the Stratigraphy and Paleontology 
Research Group (headed by C. E. Mitchell) of the University at Buffalo, and 
Geochemistry Research Group (headed by John W. Delano) of the University at Albany. 
The study areas include the following (Fig. 2.1):  
1. Central Pennsylvania (Reedsville, Union Furnace, Antes Gap at Antes Creek, and 
Oak Hall); 
2. Northern and western Virginia (Hagan, Tazewell, Strasburg, Daleville and Catawba);  
3. Central Kentucky (Shakertown, Clear Creek, Sleepy Hollow Branch, Shryocks Ferry 
Road, and Quisenberry Road);  
4. Northwestern Georgia (Davis Crossroads). 
In addition, K-bentonites from St. Louis, Missouri (Fig. 2.1), Dexter and 
Watertown from Black River Valley, New York (Fig. 2.2A), and many localities from the 
Mohawk Valley, New York (Fig. 2.2B) were examined. Most of the Mohawk Valley 
samples were studied for melt-inclusions in quartz by previous researchers. Existing data 
have been used for comparing with the melt-inclusion data generated from this research. 
In addition, apatite phenocrysts extracted from some of the key Mohawk Valley K-
bentonites have been analyzed to obtain their apatite fingerprints. 
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Figure 2.1  Geographic location of Ordovician outcrops in the study area. The sections 
studied as shown on the map comprise outcrops from (1) central Pennsylvania, (2) 
northern and western Virginia, (3) central Kentucky, (4) north-western Georgia and ST. 
Louis, Missouri, (5) Black River Valley, NY, and (6) Mohawk Valley, NY. See text for 
detailed locality information and description of the stratigraphic sections. 
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Figure 2.2  Map showing studied sections in NY, (A) Black River Valley, and (B) 
Mohawk Valley. Numbered localities are outcrops studied previously and described in 
detail along with the stratigraphic sections in Appendix I.  
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2.2.1 Central Pennsylvania Localities (Fig. 2.1) 
 
Antes Creek at Antes Gap: Outcrop in roadcut south of Antes Gap (Williamsport, 
PA Quadrangle, Lycoming County, PA) along the western side of the State Highway 880, 
about 0.5 km south of the intersection with State Highway 44 (locality 1 of Thompson, 
1963). 
Oak Hall: Outcrop in the Neidigh Brothers quarry 0.8 km northwest of Oak Hall 
(Bellefonte, PA Quadrangle), Centre County, PA (locality 69 of Kolata et al., 1996; 
locality 6 of Thompson, 1963). 
Reedsville: State Highway Route 322, exit ramp for State Route 655 near 
Reedsville, Mifflin County, PA. The road cut, expanded newly on the SW side of the 
highway, exposes the upper Nealmont, Salona, Coburn formations, and 104 m of the 
Antes Shale (locality 11 of Thompson, 1963). 
Union Furnace: Outcrop in the Warner Company Quarry ~1.2 km N of Union 
Furnace (Tyrone, PA Quadrangle), Huntingdon County, PA (locality 68 of Kolata et al., 
1996; locality14 of Thompson, 1963).  
 
2.2.2 Northern and Western Virginia Localities (Fig. 2.1) 
 
Catawba: Outcrop along the southwest side of State Highway 311, 50 m SE of the 
bridge over Catawba Creek, Roanoke County, VA (locality 15 of Haynes, 1994). 
Samples collected by John W. Delano. 
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Daleville: Outcrop along the east side of the right-of-way of the Norfolk & 
Western Railway's Lone Star spur, 800 m W of Lord Botetourt High School, Botetourt 
County, VA (locality 16 of Haynes, 1994). Samples collected by John W. Delano. 
Hagan: Outcrop on the east side along the railroad right-of-way near State Road 
621, 0.8 km north of the intersection with U.S. Highway 58 near Hagan, Lee County, VA 
(locality 1 of Haynes, 1994; coordinates noted by J. W. Delano in 1999 as 3641.885’N 
and 8317.227’W). The Millbrig samples were collected by John W. Delano and 
Soumava Adhya. 
Strasburg: Outcrop on State Highway 55, 0.64 km northwest of intersection with 
U.S. Highway 11 in Strasburg, Shenandoah County, VA (locality 64 of Kolata et al., 
1996). 
Tazewell: Outcrop at 800 m N of the intersection of Virginia State Highway 16 
and Tazewell County Road 604, Tazewell, Tazewell County, VA (locality 60 of Kolata et 
al., 1996). 
 
2.2.3 Central Kentucky Localities (Fig. 2.1) 
 
Oregon Road at Clear Creek: The locality is a road side outcrop of the contact 
between the Tyrone Limestone and the Lexington Limestone along the east side of 
Oregon Road as it descends toward Clear Creek from the intersection of Hilfer and 
Oregon roads. The locality is in Woodford County, about 3.6 km NNW of the village of 
Nonesuch (Salvisa, KY 7.5' Quadrangle); UTM: E 696,321 m, N 4,200,904 m. 
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Quisenberry Road K-bentonite, Boonesborough: Outcrops on northwest and 
southeast sides of Kentucky Route 627, ~2.1 km northeast of Kentucky River at 
Boonesborough, Clark County, KY (locality 9 of Conkin and Conkin, 1992). 
Shakertown: Outcrop on east side of U.S. Highway 68, 1.6 km SW of intersection 
with State Route 33, Shakertown, Mercer County, KY (locality 47 of Kolata et al., 1996). 
Shryocks Ferry Road K-bentonite, Versailles: Outcrop on northwest side of the 
Shryocks Ferry Road, ~1.6 km south of Milner (southwest of Versailles), Woodford 
County, KY (locality 8 of Conkin and Conkin, 1992). 
Sleepy Hollow Branch K-bentonite, Frankfort: Outcrop at intersection of 
Kentucky Route 676 and Collins Avenue, southern part of Frankfort, Franklin County, 
KY (locality 10 of Conkin and Conkin, 1992). 
 
2.2.4 North-Western Georgia and St. Louis, Missouri Localities (Fig. 2.1) 
 
Davis Crossroads: Outcrop along the abandoned Southern (ex-TA&G) Railroad 
right-of-way, ~800 m southeast of the grade crossing with State Road 341 at Barwick 
Mill (Kensington, GA 7.5' Quadrangle), Walker County, GA (locality 50 of Kolata et al., 
1996; locality 22 of Haynes, 1994). 
St. Louis, MO: Road cut on north side of west bound lane of I-44, 13.6 km west 
of intersection with I-270 and 33.6 km west of St. Louis, St. Louis County, MO. The road 
cut is situated in the same region as the Deicke type section (section 60 of Kolata et al., 
1986). The Millbrig sample was provided by Dennis R. Kolata. 
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2.2.5 Black River Valley, New York Localities (Fig. 2.2A) 
 
Dexter (Hounsfield K-bentonite): The Hounsfield K-bentonite Bed occurs within 
a quarry (loc. 11 of Johnsen, 1971, which is the type locality of the bed), located 
approximately 3.2 km east of Dexter, Jefferson County, NY (Fig. 2.2A), where it forms a 
1.5 cm- thick, white clay layer approximately 1.4 m below the top of the quarry (Conkin, 
1991; Kay, 1931) within a 4 to 5 m-thick succession that most likely spans the upper part 
of the Watertown Formation and the lower part of the Selby Formation. Following a 
covered interval of about 9 m, 8 m of Trenton Group rocks belonging to the Napanee and 
Kings Falls formations crop out along the nearby Game Farm Road. Sample collected by 
Carsten Schirnick. 
Watertown: Old Town Quarry north of Watertown, Jefferson County, NY (Fig. 
2.2A), on NYS Route 11 just north of intersection with NYS Route 37 (locality 1 of 
Conkin, 1991). 
 
2.2.6 Mohawk Valley, New York Localities (Fig. 2.2B) 
 
Existing geochemical data collected by Geochemistry Research Group of 
University at Albany have been used as benchmarks and compared with the data 
collected in this study. Information and stratigraphic sections for Mohawk Valley, NY 
localities (Fig. 2.2B) are provided in Appendix I. The Stratigraphy and Paleontology 
Research Group of University at Buffalo constructed the stratigraphic sections. 
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2.3 STRATIGRAPHIC POSITION OF THE UPPER MIDDLE ORDOVICIAN  
K-BENTONITE SAMPLES 
 
K-bentonites were collected from various rock types representing various 
depositional and tectonic conditions during the time of deposition of the volcanic ashes. 
Samples were collected from stratigraphic units that include but are not restricted to the 
following: 
 Central Pennsylvania: Salona Formation-Coburn Formation-Antes Shale; 
 Northern and western Virginia: Eggleston Formation-Oranda Formation-Trenton 
Limestone-Martinsburg Formation-Reedsville Formation; 
 Central Kentucky: Tyrone Limestone-Lexington Limestone-Point Pleasant 
Formation; 
 North-western Georgia: Carters Limestone-Hermitage Formation; 
 Black River Valley, NY: Upper Black River Group; 
 Mohawk Valley, NY: Trenton Group-lower Utica Shale (Flat Creek Member)-
Dolgeville Formation-upper Utica Shale (Indian Castle Member). 
Stratigraphic sections in the following pages provide a detailed account of the K-
bentonite samples and their stratigraphic positions within the column. See Appendix I for 
samples and stratigraphic sections from the Mohawk Valley, NY. 
Legends and Symbols: To maintain consistency among stratigraphic sections, 
generalized symbols for similar lithologic units were created (Fig. 2.3). The stratigraphic 
information was obtained from older literature, field guidebooks, and field notes Michael 
P. Joy and Charles Mitchell (personal communication). 
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Figure 2.3  Legend for Ordovician stratigraphic sections. 
 20
2.3.1 Central Pennsylvania 
 
Intensive field trips conducted by the Stratigraphy and Paleontology Research 
Group of University at Buffalo resulted in K-bentonite sample collection from four 
sections. Stratigraphic information was obtained from Michael P. Joy and Charles 
Mitchell (personal communication), Kolata et al. (1996), and Thompson (1963). 
Antes Creek: Six K-bentonites were collected and studied from this section; four 
from the Antes Formation (Shale), and two from the underlying Coburn Formation. 
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Oak Hall: four K-bentonites were collected and examined from Oak Hall. The K-
bentonites are numbered from “–1” through “2” after Thompson (1963) and field 
observation. 
Reedsville: A huge section had to be divided into an upper “Station 2” and the 
lower “Station 1”. Station 2 consists entirely of the Antes Formation. Seven K-bentonites 
were collected and studied from this section. 
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Reedsville (contd.): Station 1 is the lower half of the section, consisting of the 
Nealmont, Salona, and Coburn Formations from bottom to top. Many K-bentonite beds 
with varying thickness were observed. Nine (as shown below) were collected and studied. 
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Union Furnace: Similar to the Reedsville Station 1 section, exposing Nealmont, 
Salona and Coburn Formations. At least 12 possible K-bentonites were observed, of 
which five (as shown below) were collected and examined. 
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2.3.2 Northern and Western Virginia 
 
K-bentonites were collected from five localities. Stratigraphic data obtained from 
John Delano, Charles Mitchell and Mike Joy (field observations), Haynes (1994), and 
Kolata et al. (1986, 1996). 
Catawba: Seven K-bentonites were collected by John Delano of which the lowest 
three were studied for this research. The focus was on the Millbrig K-bentonite. 
Stratigraphic data obtained from John Delano (field observation), and Haynes (1994). 
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Daleville: The Millbrig K-bentonite was the key focus from this section. 
Stratigraphic data obtained from John Delano (field observation), and Haynes (1994). 
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Hagan: The 1 m-thick Millbrig K-bentonite (Fig. 2.4), which appears as two 
layers differing distinctly in color (Fig. 2.5), was the focus of this section. Samples were 
collected at 15.2 cm (six-inch) intervals to observe physical and chemical differences 
between the upper and lower layers. The Deicke K-bentonite was also studied. 
Stratigraphic data obtained from Haynes (1994) and field observation.  
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Figure 2.4  John Delano at the outcrop of the Millbrig K-bentonite in Hagan, VA. The 
thickness of the K-bentonite is 1 m as measured in the field. 
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Figure 2.5  The Millbrig K-bentonite in Hagan shows distinct bi-color layers, (a) the 
author is pointing to the sharp difference in color between the upper (buff/beige) and the 
lower (gray) layers; (b) a closer look at the upper and lower Millbrig layers in Hagan, 
VA, the pen is used as scale. 
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Strasburg: The Stratigraphy and Paleontology Research Group of University at 
Buffalo conducted intensive sampling in this locality. Thirteen K-bentonites were 
collected and studied. Stratigraphic data obtained from Charles Mitchell and Mike Joy. 
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Tazewell: Intensive sampling was conducted dividing the section into an upper 
“Station 2” and a lower “Station 1”. Three K-bentonites were collected from Station 2. 
Stratigraphic data obtained from Charles Mitchell and Mike Joy. 
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Tazewell (contd.): Eight K-bentonites were collected and studied from Station 1 
including the Deicke and the Millbrig K-bentonites. Stratigraphic data obtained from 
Kolata et al. (1996), and field observation of Charles Mitchell and Mike Joy. Both the 
Deicke and the Millbrig are about 1 m thick in this section. 
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2.3.3 Central Kentucky 
 
Oregon Road at Clear Creek: Three K-bentonites were collected and studied from 
this previously unknown section. Stratigraphic data obtained from Charles Mitchell and 
Mike Joy. The lowermost K-bentonite is probably older than the Millbrig K-bentonite 
based on the stratigraphic data of similar sections from the area e.g., Shakertown 
(Michael P. Joy, personal communication). 
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Quisenberry Road K-bentonite, Boonesborough: A single K-bentonite was 
collected; stratigraphic data obtained from Conkin and Conkin (1992), and field 
observation by Charles Mitchell and Mike Joy. This is the type section for Quisenberry 
Road K-bentonite. 
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Shakertown: The Millbrig K-bentonite was the key focus in this section. It is more 
than a meter in thickness. Stratigraphic information taken from Kolata et al. (1996). The 
K-bentonite was sampled and studied twice. The first time, a grab sample from the quartz 
rich part near the middle portion of the bed was collected and studied. The second time, 
homogenized sample was collected from the entire 3 m thick layer. 
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Shryocks Ferry Road K-bentonite, Versailles: A single K-bentonite was collected 
from the type section of the Shryocks Ferry Road K-bentonite. Stratigraphic data taken 
from Conkin and Conkin (1992), and field observation of Charles Mitchell and Mike Joy. 
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Sleepy Hollow Branch K-bentonite, Frankfort: A single sample from the type 
section of the Sleepy Hollow Branch K-bentonite was collected and studied. Stratigraphic 
data obtained from Charles Mitchell and Mike Joy. 
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2.3.4 North-Western Georgia and St. Louis, Missouri 
 
Davis Crossroads: Five K-bentonites were collected. Stratigraphic data obtained 
from Haynes (1994), Kolata et al. (1996), and field observation by Charles Mitchell and 
Mike Joy. The Deicke and the Millbrig K-bentonites were not collected from this 
locality. 
 
 
St. Louis, Missouri: Dennis Kolata provided with the Millbrig sample from this 
locality. A detailed stratigraphic section is unavailable. 
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2.3.5 Black River Valley, New York 
 
Dexter: The Hounsfield K-bentonite (Kay, 1931) sample was collected by Carsten 
Schirnick. Although the stratigraphy of this section is not agreed upon, the section was 
created based on Cameron and Mangion (1977), Conkin (1991), Fisher (1977), and 
Schopf (1966). 
 
 
Watertown: A sample from one thick K-bentonite was collected from the Old 
Town Quarry, Watertown, NY. A detailed stratigraphic section is unavailable. 
[Note: for all the Mohawk Valley K-bentonites stratigraphic sections, refer to 
Appendix I].
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2.4 THE YTT AND OTHER PLEISTOCENE SAMPLE LOCALITIES AND  
STRATIGRAPHY 
 
2.4.1 Proximal YTT Samples 
 
David Wark of Rensselaer Polytechnic Institute provided proximal ash samples 
from Toba Caldera, Sumatra, Indonesia (Fig. 2.6). 
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Figure 2.6  Location map of Toba Caldera and proximal YTT samples. 
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Samples of YTT were collected from two sections: 
1. Silalahi: Approximately 350 m of YTT is exposed as three layers described in 
Chesner and Rose (1991) as “welded”, “incipiently welded” and “non-welded” from 
bottom to top of the section respectively. Two samples representing YTT were 
collected from the upper (easy-to-access) part of the section. “1630 m” was sampled 
from the non-welded YTT, and “1575 m” represents the “incipiently welded” layer of 
YTT. 
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2. Pangururan: Similar to the Silalahi section, the YTT is represented by three layers as 
shown below. Two samples collected, “Toba Sand” from the non-welded layer of 
YTT, and “1700 m” from the incipiently welded part of YTT. 
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2.4.2 Distal YTT and Pleistocene Volcanic Ashes from India 
 
Volcanic ash samples from three localities in India were provided by Gouri 
Sankar Ghatak of Presidency College, Calcutta, India (Fig. 2.7). The sample from 
Barakar, which was already identified as YTT (Acharyya and Basu, 1993), was re-
analyzed to test the correlation. 
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Figure 2.7  Location map for the tephra samples collected from India.  
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The YTT ash is a major late Pleistocene tephra in the northeastern India. Several 
occurrences of YTT ash have been reported as lenticular deposits of limited extent from 
the Indian sub-continent (Acharyya and Basu, 1993; Shane et al., 1995, Westgate et al., 
1998). The tentative stratigraphic position of the YTT and tephra samples (Unpublished 
interim reports of the Geological Survey of India provided by G.S. Ghatak) follows: 
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2.4.3 Pleistocene Volcanic Ash from Sulu Sea 
 
Braddock Linsley of the University at Albany provided Pleistocene sediments 
from Ocean Drilling Program (ODP) Leg 124 Site 769A in the Sulu Sea (Fig. 2.8). 
Sediments from a 40 cm portion of the core were examined at 2 cm intervals. This 
portion coincided approximately with the timing of YTT eruption based on oxygen 
isotope stratigraphy of planktonic foraminifera (Linsley, personal communication). About 
20 shards were extracted from these sediments for further examination. 
10°N
5°N
SITE 769
Sulu Sea
Celebes Sea
5°N
10°N
120°E 125°E
125°E120°E
Pa
law
an
Borneo
ASIA
AUSTRALIA
Zamboanga
Toba
North
150 km
 
Figure 2.8  Location map for the ODP Leg 124 Site 769. 
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CHAPTER 3 
SAMPLE PREPARATION AND ANALYSIS 
 
3.1 INTRODUCTION 
 
Reliable geochemical data depend upon accuracy and precision of the quantitative 
analysis as well as reproducibility of the analytical results. Major and minor element 
compositions of glass and phenocryst phases from rhyolites show subtle variabilities that 
can only be identified by high precision geochemical analyses. Various analytical 
techniques exist for collecting high precision geochemical data for major, minor and trace 
elements. Choosing the right analytical tool is always a challenge. 
The ultimate goal of this research was to use major and minor element 
compositions (chemical fingerprint) of phenocryst and glass phases as tools in 
stratigraphic correlation. Raw samples for this study comprised fresh as well as altered 
rhyolitic air-fall deposits that yielded a limited numbers of phenocryst and glass phases of 
which melt inclusions, glass shards, biotite and apatite phenocrysts were analyzed. 
To attain the research objective, electron microprobe analysis (EMA) was found 
to be the most suitable analytical technique based on the following rationale: 
1. EMA allowed analysis of individual phenocrysts, glass shards and melt inclusions. 
2. EMA allowed spot analysis that would permit selection of a desirable site within the 
glass or phenocryst samples, which is free from inclusions, dirt or other contaminants. 
Most of the phenocrysts studied had impurities either in the form of melt or mineral 
inclusions (Fig. 3.1) or in the form of crystallites and opaque inclusions (Fig. 3.2). In 
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addition, some phenocrysts showed the presence of microscopic contaminants in the 
form of dirt on the crystal surface despite ultrasonic cleaning (Fig 3.2). Even the glass 
shards were not free from contaminants (Fig. 3.3). Since most quantitative 
geochemical analysis techniques require inclusion-free and impurity-free samples, 
spot analysis using EMA was found to be more suitable for analyzing phenocrysts 
and glass shards while avoiding contaminants. 
3. For melt inclusion analysis, it is necessary to perform analyses on pristine melt 
inclusions that may be as small as 10µ (Fig. 3.4). Microanalysis to this level of spatial 
resolution can be achieved by EMA. 
4. An attempt to obtain individual apatite data using Inductively Coupled Plasma Mass 
Spectrometer (ICP-MS) proved futile because of extreme low weight (mass) of the 
individual apatite phenocrysts obtained from K-bentonites (Table 3.1). 
Table 3.1  Dimension (approx.) and Measured Weight of Individual Apatite Phenocrysts 
Length (Parallel to C-axis) 
(μm) 
Thickness (perpendicular to C-axis) 
(μm) 
Weight  
(mg) 
130 100 .01 ± .001 
100 60 .009 ± .001 
100 80 .008 ± .001 
70 60 .006 ± .001 
60 20 .001 ± .001 
 
In this chapter, detailed descriptions of the sample preparation and analytical techniques 
are discussed. In addition, a demonstration of reproducibility of high-precision 
geochemical data is presented.
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Figure 3.1  Photomicrographs of apatite phenocrysts with impurities in the form of melt 
and mineral inclusions. Apatites in photomicrograph "A" show presence of multiple melt 
and fluid inclusions. Apatite at the center of photomicrograph "B" shows a needle-like 
mineral inclusion in the midpoint.  
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Figure 3.2  Photomicrograph of apatite phenocrysts showing microscopic external 
contaminants (surface dirt) and impurities in the form of crystallite and opaque 
inclusions. 
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Figure 3.3  Photomicrograph of glass shards with impurities in the form of opaque 
inclusions and surface dirt. 
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Figure 3.4  Photomicrographs of quartz phenocrysts with melt inclusions approximately 
20-10 µm in diameter. Photomicrograph "A" shows the presence of melt inclusions with 
vesicles, while melt inclusions in photomicrograph "B" do not have vesicles. 
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3.2 SAMPLE PREPARATION AND ANALYTICAL TECHNIQUES 
 
Several steps are involved before high-precision geochemical data can be 
obtained from natural samples. The nature of the samples and goals of quantitative 
analysis dictate the sample preparation techniques. Although fresh and altered rhyolitic 
air-fall deposits, the raw samples used in this research, have considerable differences in 
physical properties, similar sample preparation techniques were developed for 
standardization. Figure 3.5 summarizes the various activities that were performed 
routinely during the course of this study. In the following sections, detailed accounts of 
the sample preparation and analytical techniques are presented. 
 
3.2.1 Sample Preparation Techniques 
 
Routine sample preparation techniques for melt inclusion studies of K-bentonites 
(Dannenmann, 1997; Hanson, 1995; Hanson et al., 1996) were followed for extracting 
melt inclusion-bearing quartz phenocrysts from K-bentonites as well as unaltered air-fall 
(YTT) samples. Similar techniques were used for extracting glass shards, biotites, and 
melt inclusion-bearing plagioclase phenocrysts from YTT samples. However, special 
sample preparation methods were used for extracting apatites from K-bentonites. 
Ordovician K-bentonites samples are soft and highly altered. Fresh (unaltered) 
air-fall deposits comprised partially welded proximal YTT ash, as well as soft and friable 
distal YTT ash samples. K-bentonite samples were collected from within either 
calcareous or siliciclastic rocks, while Toba distal ash occurred in clastic sediments. 
                  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5  Schematic diagram for the field and laboratory activities displaying the nature of the samples collected, various steps 
involved in sample preparation for Electron Microprobe Analysis, and the basic requirements for analyzing various phases. 
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The harder partially welded YTT samples were crushed into smaller pieces using 
an agate mortar to separate the phenocrysts from the matrix. Softer YTT (friable) and K-
bentonite (clayey or lump like) samples could be crushed easily by hand and need not be 
broken with a mortar. Occasionally, lumpier K-bentonite samples were soaked overnight 
in water for softening. This was followed by a series of steps that were similar for all 
samples (Fig. 3.5). 
All samples, excepting the Pleistocene sediments from Ocean Drilling Program 
(ODP) leg 124 site 769 in Sulu Sea, were wet sieved using 425, 250 and 90 m mesh 
sieves. Sample fraction greater than 250 m was discarded, because it comprised mainly 
rock fragments and contaminants that were not in situ. Separates less than 90 m were 
conserved for possible future use. The 250-90 m separates were further cleaned 
followed by magnetic and/or heavy liquid separation (Fig. 3.5).  
The Sulu Sea bulk samples were sieved using 150 and 63 m mesh. Sample 
fractions greater than 150 m comprised foraminifera. The 150-63 m separates were 
further examined under microscope for volcanogenic glass or phenocryst phases. 
For melt inclusion-bearing quartz, biotite and glass shard extraction, the 250-90 
m separates were treated with HCl for digestion of calcareous materials, then with 
HNO3 for digestion of organic and sulfide materials. The separates were soaked in dilute 
HCl for ~10 minutes in glass beakers. The mixture was washed repeatedly and rinsed 
with cold water to bring it to a neutral pH value and wet sieved with a 90 m mesh sieve. 
The cleaned, greater than 90 m separates were then boiled in concentrated HNO3 for ~5 
minutes. The mixture was neutralized with water and further cleaned by wet sieving 
using a 90 m mesh sieve. The cleaned separates, which contained phenocrysts (if 
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present or preserved), siliciclastic contaminants and/or silicified microfossils, were 
subjected to magnetic separation to further separate mafic from felsic minerals. 
Sprinkle mounts of the non-magnetic fractions were examined under a binocular 
microscope and melt inclusion-bearing quartz or feldspar phenocrysts (Fig. 3.4) were 
hand picked with precision tweezers. The hand picked phenocrysts were further 
examined under an optical microscope to check the pristiness of the melt inclusions. Melt 
inclusions with crystallites or any kind of inclusions (except vesicles) were not used for 
EMA. Sprinkle mounts of the magnetic fractions were examined in a similar fashion and 
biotites were hand picked for EMA. For YTT samples, both the magnetic and non-
magnetic fractions yielded glass shards, which were examined and hand picked using 
similar techniques. A single quartz phenocryst, and one or two biotite phenocrysts or 
glass shards were mounted on a specially designed aluminum cylinder. Each cylinder was 
ground individually, and polished using 0.3 m gamma alumina after the desired 
microprobable portion was exposed. 
For apatite extraction, cleaning was accomplished by two methods contingent 
upon the mode of occurrences of the K-bentonites. If the K-bentonites occurred in 
limestones or other calcareous rocks, the 250-90 m separates were treated with acetic 
acid (instead of strong acids like HCl or HNO3 as that would dissolve and destroy the 
apatites) for ~30 minutes. This was followed by washing and rinsing with water, and 
ultrasonic cleaning for 2 to 6 hours. If the K-bentonites occurred in shales, acid treatment 
of the 250-90 m separates was omitted. However, the samples were cleaned 
ultrasonically for longer period e.g., 6 to 12 hours. After ultrasonic cleaning, the mixture 
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was washed and rinsed with cold water and further cleaned by wet sieving using a 90 m 
mesh sieve. 
A two-step heavy liquid separation technique was used routinely for extracting 
apatites. In the first step, bromoform was used to separate apatites and other heavy 
minerals from quartz. The bromoform floats (mainly quartz, if present) were examined 
for the presence of melt inclusion-bearing quartz. The bromoform sink fractions were 
subjected to a second step. In the second step, methylene iodide was used for separating 
apatites (float fraction) from the sink fractions comprising heavier minerals e.g., biotite, 
zircon, magnetite, pyrite etc.  
Sprinkle mounts of the methylene iodide float fractions were examined under a 
binocular microscope and euhedral to subhedral apatite phenocrysts (Fig. 3.1, 3.2) were 
hand picked with fine tipped precision tweezers. Apatite phenocrysts were reexamined 
under an optical microscope to verify they were pristine optically. 10 to 30 individual 
crystals were mounted on a specially designed aluminum cylinder. Each cylinder was 
ground individually, and polished in two steps using 0.3 m and 0.05 m gamma 
alumina. Volcanogenic euhedral to subhedral grains took excellent polish, another 
indication of their pristine preservation.  
All polished samples e.g., melt inclusions in quartz, glass shards, biotites, and 
apatites were carbon coated to a thickness of 20-30 nm (Reed, 1996). 
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3.2.2 Analytical Techniques 
 
Electron Microprobe Analyses were performed using a JEOL 733 Superprobe 
located at the Department of Earth and Environmental Sciences, Rensselaer Polytechnic 
Institute. High-precision techniques developed for rhyolitic glasses (Hanson et al., 1996) 
were used for analyzing melt inclusions.  
Standard EMA techniques were used for analyzing biotites (Table 3.2). Ten 
elements (Si, Al, Ca, K, Na, Mn, Fe, Mg, Ti, and Cl) were analyzed at a specimen current 
of 30 nA at 15 KV acceleration voltage for 20 seconds counting time (on peaks), and 
with a 30 m beam diameter. ZAF matrix correction was used for all analyses, and MDL 
was calculated using the following equation: 
CMDL = [2/(IP–Bt) 1/2]* [(IB/ IP–B) 1/2] 
Where, CMDL is the concentration of the element in the material to be analyzed, IB 
is the intensity of the background at the peak position, IP–B is the intensity of the peak 
above background, t is the count time in seconds. 
For apatite analysis a new high-precision technique has been developed. Ten 
elements (Ca, Na, Mn, Fe, P, Mg, F, Cl, Si, and Sr) were analyzed in two packages. In the 
first package, major elements Ca, P and F were analyzed (with ZAF matrix correction) at 
a lower specimen current (30 nA at 15 KV acceleration voltage) for 20 seconds counting 
time (on peaks), and with 30 m beam diameter. Fluorine was analyzed for six times to 
monitor any major increase in the k-ratio (X-ray intensity counts/seconds/nA) as 
described in Stormer et al. (1993). In most cases, especially when the orientation of the 
apatite crystals was kept parallel to the C axis, no major variation in the F X-ray intensity 
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was observed. In the second package, all ten elements were analyzed (with ZAF matrix 
correction) at a higher specimen current (250 nA at 15 KV acceleration voltage) for 180 
seconds counting time on peaks with 30 m beam diameter. The values determined for 
the major elements e.g., F, Ca and P, during the first package, were taken as the correct 
value. The long counting times and high beam current results in a better counting 
statistics and a higher analytical precision than that described in similar studies (e.g. 
Samson et al., 1995). Table 3.3 summarizes the analytical conditions, precision and 
minimum detection limits (MDL) achieved by this procedure.  
 Table 3.2  Analytical Conditions Used for Analyzing Biotite Phenocrysts 
Element Line Standard Crystal KV Cup Current (nA) 
Beam Diameter 
(μm) 
Time 
(s) 
Analytical 
Precision 
(wt%) 
MDL 
(wt%) 
Si Kα1 Kyanite TAP 15 30 30 40 0.091 0.002 
Al Kα1 Kyanite TAP 15 30 30 40 0.056 0.004 
Na Kα1 Jadeite TAP 15 30 30 40 0.037 0.024 
Mg Kα1 Synthetic Forsterite TAP 15 30 30 40 0.057 0.004 
Fe Kα1 Synthetic Fayalite LIF 15 30 30 40 0.051 0.005 
Mn Kα1 Tephroite Synthetic ThSiO4 LIF 15 30 30 40 0.030 0.310 
Ti Kα1 Rutile LIF 15 30 30 40 0.134 0.034 
Ca Kα1 Diopside PET 15 30 30 40 0.079 0.007 
K Kα1 Orthoclase PET 15 30 30 40 0.073 0.006 
Cl Kα1 Sodalite Bancroft PET 15 30 30 40 0.022 0.248 
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 Table 3.3  Analytical Conditions Used for Analyzing Apatite Phenocrysts 
Element Line Standard Crystal KV Cup Current (nA) 
Beam Diameter 
(μm) 
Time 
(s) 
Analytical 
Precision 
(wt%) 
MDL 
(wt%) 
Ca Kα1 Durango Apatite PET 15 30 30 40 0.16 0.075 
P Kα1 Durango Apatite PET 15 30 30 40 0.32 0.167 
F Kα1 Topaz LDE1 15 30 30 40 0.039 0.151 
Cl Kα1 Sodalite Bancroft PET 15 250 30 360 0.002 0.005 
Na Kα1 Jadeite TAP 15 250 30 360 0.002 0.018 
Mg Kα1 Synthetic Forsterite TAP 15 250 30 360 0.001 0.003 
Fe Kα1 Synthetic Fayalite LIF 15 250 30 360 0.002 0.004 
Mn Kα1 Tephroite Synthetic ThSiO4 LIF 15 250 30 360 0.002 0.004 
Si Kα1 Kyanite PET 15 250 30 360 0.003 0.014 
Sr Lα1 Strontianite USNM PET 15 250 30 360 0.004 0.011 
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3.3 ACCURACY, PRECISION, REPEATABILITY AND REPRODUCIBILITY 
 
In quantitative geochemical analysis accuracy is a measure of the magnitude of 
error between the result of an analysis and the true composition of the sample being 
analyzed. Accuracy predicts the ability of a quantitative analytical technique to measure 
the true compositional value of a natural sample. 
Precision is an indicator of the agreement between repeated analyses. Results do 
not have to be close to an expected or true value to be considered precise, they just need 
to be close to each other. Figure 3.6 depicts the relationship between accuracy and 
precision in a simplified fashion. 
 
 
 
 
 
 
 
 
 
 
Figure 3.6  Relationship between accuracy and precision in quantitative geochemical 
analysis. A) Accuracy with unacceptable precision; B) precision with unacceptable 
accuracy; C) acceptable accuracy and precision; D) desirable accuracy and precision. 
Target
Data points
Target
Data points
(A) (B) 
(C) (D) 
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Repeatability and Reproducibility are crucial factors in quantitative geochemical 
analysis, especially in high-precision analysis involved in the current research. 
Repeatability is the capability of the analysis technique in providing the same result to a 
single user for multiple analysis of a specific sample over a prolonged period e.g., a 
couple of years. Reproducibility is the ability for different users to get the same result 
while analyzing a specific sample. 
The goal of this research was to fingerprint geochemically volcanic ash layers 
using major and minor element compositions of phenocrysts and glass phases. To 
accomplish this goal, high-precision data was of the essence. In this study, precision of 
the EMA data was represented in terms of repeatability and reproducibility. This was 
accomplished by analyzing known samples (working standards) during every single 
microprobe session by four users over a period of five years as a rule of thumb. This 
approach was also useful to monitor the accuracy of the various analyses performed.  
For this study, three Smithsonian Microbeam Standards (Jarosewich, 2002) e.g., 
Kakanui Hornblende, Durango Apatite and Yellowstone Rhyolitic Glass were selected as 
working standards respectively for biotites, apatites, and the glass phases e.g., melt 
inclusions and glass shards. The following sections demonstrate the precision in terms of 
repeatability and reproducibility of the analyses performed on biotites, apatites, and 
glasses. 
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3.3.1 Precision in terms of Repeatability and Reproducibility for Biotite Analysis 
 
YTT proximal ash yielded fresh biotite phenocrysts that were analyzed by three 
users using identical techniques in the same laboratory. Five analytical sessions were 
conducted during a span of one year resulting in nine analyses (n = 9). During each 
biotite analytical session, the Kakanui Hornblende working standard was analyzed 
multiple times depending upon the length of the analytical session and the number of 
unknown biotite samples analyzed. As a rule of thumb, Kakanui Hornblende was 
analyzed at the beginning of a session and after every 20 unknown analyses.  
When the geochemical data of Kakanui Hornblende (Appendix II) was plotted on 
XY variation diagrams with SiO2 in the X-axis and one of the other nine oxides in the Y-
axis, data points formed tight clusters (Figures 3.7, 3.8, and 3.9). Table 3.4 summarizes 
the statistical analyses on the geochemical data of the Kakanui Hornblende : 
Table 3.4  Results of Statistical Analysis on Geochemical Data of Kakanui Hornblende 
 SiO2 Al2O3 TiO2 MgO FeO MnO CaO Na2O K2O Cl 
Average value 
observed (wt %) 39.627 14.290 4.763 12.760 10.867 0.096 10.139 2.715 2.078 0.025
99% Confidence 
level (± wt%) 
0.130 0.096 0.089 0.037 0.077 0.014 0.064 0.032 0.031 0.007
 
The oxide values in the last row of Table 3.4 quantify the actual precision 
achieved (by repeated analyses of the Kakanui Hornblende) for biotite analysis. The tight 
clusters shown by the data points in the XY variation diagrams (Figures 3.7, 3.8, and 3.9) 
demonstrate graphically the precision. 
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Figure 3.7  XY variation diagrams displaying precision and reproducibility/repeatability 
of EMA of biotite phenocrysts. Each data point represents a separate analysis.
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Figure 3.8  XY variation diagrams displaying precision and reproducibility/repeatability 
of EMA of biotite phenocrysts. Each data point represents a separate analysis.
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Figure 3.9  XY variation diagrams displaying precision and reproducibility/repeatability 
of EMA of biotite phenocrysts. Each data point represents a separate analysis.
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3.3.2 Precision in terms of Repeatability and Reproducibility for Apatite Analysis 
 
All unknown apatite phenocrysts analyzed during this study were extracted from 
K-bentonite (altered airfall deposit) samples. Durango Apatite was selected as the 
working standard, and was analyzed by three users during a span of 3 years (46 analytical 
sessions, n = 88). Apatites from two Ordovician K-bentonites e.g., the Deicke (DK-2 and 
DK-7) and the Otsquago at Spring Street (OTS-1 and OTS-5) (see Appendix II for 
details), were also analyzed during most analytical sessions. During a span of 2 years, 
OTS-5 was analyzed 30 times (n = 30) in 27 analytical sessions; OTS-1 was analyzed 22 
times (n = 22) in 20 analytical sessions. DK-2 was analyzed 20 times (n = 20) in 19 
analytical sessions during a 1-year span, after which it was destroyed while re-polishing; 
DK-7 was analyzed 30 times (n = 30) in 28 sessions in 2 years. 
Statistical analyses on the geochemical data of the apatite working standards 
(Appendix II) are summarized in Table 3.5. Bolded numbers represent the precision for 
apatite analysis, achieved by repeated analyses of the working standards by multiple 
users. 
XY variation diagrams were constructed using the geochemical data of all apatite 
working standards (Appendix II) with MnO in the x-axis and one of the other nine oxides 
in the y-axis (Figures 3.10, 3.11, 3.12, 3.13). Noticeably tight clustering of data in the XY 
plots, demonstrate the high precision achieved during apatite analyses.  
It was noted curiously that Durango Apatite is not chemically homogeneous. The 
Na, Si, and F concentrations of Durango Apatite show considerable variabilities (Fig. 
3.12) at the level of precision achieved during this study.
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Table 3.5  Results of Statistical Analysis on Geochemical Data of Apatite Standards 
 CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO
Durango 
Apatite 
          
Average value 
observed (wt %) 54.58 0.289 0.011 0.046 40.93 0.008 3.16 0.288 0.422 0.071
99% Confidence 
level (± wt%) 0.253 0.008 0.001 0.003 0.192 0.001 0.261 0.010 0.035 0.001
OTS-1           
Average value 
observed (wt %) 53.98 0.032 0.131 0.319 41.62 0.089 2.59 1.100 0.186 0.043
99% Confidence 
level (± wt%) 0.633 0.002 0.001 0.003 0.395 0.004 0.063 0.014 0.009 0.003
OTS-5           
Average value 
observed (wt %) 53.91 0.035 0.131 0.324 41.60 0.090 2.52 1.107 0.180 0.043
99% Confidence 
level (± wt%) 0.535 0.002 0.001 0.003 0.291 0.003 0.066 0.029 0.009 0.002
DK-2           
Average value 
observed (wt %) 54.31 0.094 0.060 0.203 41.48 0.102 3.27 0.268 0.138 0.058
99% Confidence 
level (± wt%) 0.846 0.004 0.001 0.002 0.535 0.004 0.070 0.004 0.006 0.002
DK-7           
Average value 
observed (wt %) 54.14 0.081 0.060 0.204 41.52 0.103 3.18 0.268 0.136 0.057
99% Confidence 
level (± wt%) 0.517 0.006 0.001 0.004 0.320 0.003 0.083 0.007 0.005 0.002
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Figure 3.10  XY variation diagrams displaying precision in terms of reproducibility and 
repeatability of EMA of apatite phenocrysts. Each data point represents a separate 
analysis. 
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Figure 3.11  XY variation diagrams displaying precision in terms of reproducibility and 
repeatability of EMA of apatite phenocrysts. Each data point represents a separate 
analysis. 
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Figure 3.12  XY variation diagrams displaying precision in terms of reproducibility and 
repeatability of EMA of apatite phenocrysts. Each data point represents a separate 
analysis.
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Figure 3.13  XY variation diagrams displaying precision in terms of reproducibility and 
repeatability of EMA of apatite phenocrysts. Each data point represents a separate 
analysis. 
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3.3.3 Precision in terms of Repeatability and Reproducibility for Rhyolitic Glass  
Analysis 
 
Rhyolitic glasses analyzed during this study comprise melt inclusions in quartz, 
glass shards, and melt inclusions in plagioclase feldspars. K-bentonite and fresh proximal 
airfall deposits (YTT) yielded melt inclusions in quartz, fresh distal airfall deposits 
yielded melt inclusions in plagioclase, and distal as well as proximal airfall deposits 
yielded glass shards.  
Yellowstone Rhyolitic Glass was selected initially to be the working standard for 
the glass analyses; however, it was discontinued after limited use in apprehension of 
sample damage caused by high-precision analyses. Four users analyzed the Yellowstone 
Rhyolitic Glass 21 times occasionally over a period of four years.  
Three sets of rhyolitic glasses, one from the Ordovician Otsquago at Spring Street 
K-bentonite, one from a K-bentonite from Lower Devonian Esopus Formation, and one 
from the Toba Sand (YTT) were used as actual working standards for glass analysis (see 
Appendix II for details). A single melt inclusion in quartz from the Ordovician Otsquago 
at Spring Street K-bentonite was analyzed 34 times (n = 34) in 25 analytical sessions in 
four years.  
Two melt inclusions within a single quartz phenocryst from a K-bentonite from 
the Lower Devonian Esopus Formation (Appendix II) were analyzed over a span of five 
years. The Esopus Old melt inclusion was analyzed 35 times (n = 35) in 25 analytical 
sessions in four years, and the Esopus New was analyzed 31 times (n = 31) in 27 
analytical sessions during a one-year span.  
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A single melt inclusion in quartz (Toba Old (Melt)) and a single glass shard (Toba 
New (GS)) from the Toba Sand YTT were analyzed over a span of 5 years. Toba Old 
(Melt) was analyzed 34 (n = 34) times in 25 analytical sessions in 4 years; Toba New 
(GS) was analyzed 28 times (n = 28) in 27 analytical sessions during a span of one year. 
Statistical analyses on the geochemical data of the glass working standards 
(Appendix II) are summarized in Table 3.6. Bolded numbers represent the precision for 
glass analysis, achieved by repeated analyses of the working standards by multiple users. 
It is to be noted that the working standards were not analyzed for major elements 
during a majority of the analytical sessions. This is because of the mobility of Na2O and 
K2O during exposure to the electron beam (Hanson et al., 1996; Jercinovic and Keil, 
1988; Rutherford et al, 1985). The precision for major element analyses for glass was 
computed based on a much lower number of repeated analyses e.g., n = 3 – 5. The 
precision values for the major element analyses are, therefore, approximate.  
Table 3.6  Results of Statistical Analysis on Geochemical Data of Glass Standards 
 Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
Yellowstone 
Rhyolite (Old) 
      
Average value 
observed (wt %)     0.077 0.106   0.032 1.149
99% Confidence 
level (± wt%)     0.006 0.004   0.002 0.036
Yellowstone 
Rhyolite (New) 
          
Average value 
observed (wt %) 4.05 76.72 12.12 4.92 0.070 0.098 0.425 0.025 0.033 1.161
99% Confidence 
level (± wt%) 0.013 0.278 0.046 0.056 0.004 0.001 0.008 0.007 0.001 0.031
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Table 3.6 (continued) Results of Statistical Analysis on Glass Standards  
 Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
Otsquago           
Average value 
observed (wt %)     0.221 0.268 1.877 0.065 0.248 1.830
99% Confidence 
level (± wt%)     0.004 0.004 0.010 0.003 0.002 0.012
Esopus (Old)           
Average value 
observed (wt %)     0.119 0.020 0.668 0.031 0.029 1.250
99% Confidence 
level (± wt%)     0.003 0.001 0.008 0.002 0.001 0.014
Esopus (New)           
Average value 
observed (wt %) 2.90 74.78 11.73 5.13 0.109 0.021 0.607 0.028 0.029 1.164
99% Confidence 
level (± wt%) 0.042 1.210 0.077 0.065 0.003 0.001 0.005 0.002 0.001 0.007
Toba Old  
(melt inclusion) 
          
Average value 
observed (wt %)     0.048 0.129 0.658 0.061 0.049 0.812
99% Confidence 
level (± wt%)     0.002 0.002 0.005 0.003 0.001 0.006
Toba New 
(Glass shard) 
          
Average value 
observed (wt %) 3.39 76.81 12.36 5.15 0.039 0.149 0.695 0.078 0.048 0.866
99% Confidence 
level (± wt%) 0.074 1.489 0.079 0.079 0.003 0.002 0.006 0.002 0.001 0.006
 
XY variation diagrams constructed using the geochemical data of all glass 
working standards (Appendix II) show tight clustering of data, demonstrating the high 
precision achieved during glass analyses (Figures 3.14, 3.15, 3.16, 3.17, 3.18).
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.14  XY variation diagrams displaying precision in terms of reproducibility and repeatability of EMA of rhyolitic glasses. 
Each data point represents a separate analysis.
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Figure 3.15  XY variation diagrams displaying precision in terms of reproducibility and repeatability of EMA of rhyolitic glasses. 
Each data point represents a separate analysis.
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Figure 3.16  XY variation diagrams displaying precision in terms of reproducibility and repeatability of EMA of rhyolitic glasses. 
Each data point represents a separate analysis. 
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Figure 3.17  XY variation diagrams displaying precision in terms of reproducibility and 
repeatability of EMA of rhyolitic glasses. Each data point represents a separate analysis.
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Figure 3.18  XY variation diagrams displaying precision in terms of reproducibility and 
repeatability of EMA of rhyolitic glasses. Each data point represents a separate analysis.
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3.4 DISCUSSION 
 
The essence of this chapter lies in the demonstration of the excellent precision 
achieved for all the phases analyzed. Any geochemical fingerprinting research, like this 
study, is founded on the ability to produce high-precision geochemical data. The results 
presented in this chapter confirm the capability to conduct the research. 
Geochemical data was produced from analyzing multiple working standards e.g., 
four working standards for glass and three for apatite. Two approaches were taken to 
present the data, a statistical approach and a graphical approach. Both approaches show 
conspicuous agreement in results obtained during repeated analyses, and by multiple 
users – concrete evidence for high precision. 
Noticeable qualitative differences were observed between the data obtained using 
higher specimen current and longer counting time with that using lower current and 
shorter counting time e.g., apatite analysis (Table 3.3) has better analytical precision than 
that of biotite analysis (Tables 3.2). In addition, it is apparent that the standard EMA 
technique used for biotite analysis failed to acquire accurate CaO concentrations for 
biotites, evident from the SiO2 vs. CaO plot (Fig. 3.9) and Appendix II (Table II-b). The 
CaO concentrations of biotite phenocrysts obtained in this study are not used for making 
conclusions. The biotite analytical technique used in this research has considerable room 
for improvements for future research. 
Although, the statistical data for major elements of glass working standards was 
deemed unreliable due to small sample size, the results (Table 3.6) are in good agreement 
with that of Hanson et al. (1996). This increases its reliability and utility in this research. 
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CHAPTER 4 
FINGERPRINTING THE YOUNGEST TOBA TUFF 
 
4.1 INTRODUCTION AND SIGNIFICANCE OF YTT ERUPTION 
 
The ignimbrite eruption that produced the Youngest Toba Tuff (YTT) occurred at 73 
 4 ka (Chesner, 1998; Chesner et al., 1991) in northern Sumatra, Indonesia 245'N, 
9845'E (Fig. 4.1). 
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Figure 4.1  Map showing the geographic location of Toba Caldera and study sections. 
 82
YTT was the largest Quaternary volcanic eruption on Earth and was the fourth 
ignimbrite forming eruption from Toba in the last 1.2 Ma (Chesner and Ettlinger, 
1989; Chesner et al., 1991). The Toba eruption is significant in the following ways:  
(1) Extraordinary magnitude: it produced an estimated ~3000 km3 dense-rock-
equivalent (DRE) of pyroclastic material, including 800-840 km3 DRE as widely 
dispersed ash (Chesner, 1998; Chesner and Rose, 1991; Chesner et al., 1991; Rampino 
and Self, 1993; Rose and Chesner, 1987; Woods and Wohletz, 1991). Toba was 
exceptionally large when compared to the well-known historic eruptions like St. Helens, 
El Chichon, Pinatubo, Krakatau, Laki, Tambora (Ninkovich et al., 1978b; Rampino and 
Self, 1993; Rose and Chesner, 1990), and pre-historic eruptions like the Bishop Tuff,  
Lower Bandelier Tuff, Millbrig, Deicke, and the Yellowstone Huckleberry Ridge Tuff 
(Table 4.1, Fig. 4.2) (Gardner et al., 1991; Haynes, 1994; Hildreth, 1979; Kolata et al., 
1998; Simkin and Siebert, 1994; Stix et al., 1988). 
 
Table 4.1  Dense rock equivalent volumes of some major pre-historic and historic 
eruptions (data compiled from several sources) 
Eruptions Volume (km3) DRE 
Toba (75 Ka) ~2850 
Yellowstone (2.2 Ma) ~2500 
Millbrig (~450 Ma) >1200 
Deicke (~450 Ma) >1000 
Bishop Tuff (0.76 Ma) ~600 
Lower Bandelier Tuff (1.6 Ma) ~400 
Tambora (1815) 50 
Laki (1783) 14 
Krakatau (1883) 9 
Pinatubo (1991) 5 
El Chichon (1982) 1.1 
Mount St. Helens (1980) 0.13 
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Figure 4.2  Comparison of magnitudes (volume) of the YTT eruption with that of well-
known historic and pre-historic eruptions. 
 
The eruption is estimated to have lasted for 9-14 days with a maximum discharge 
rate approaching 1010 kg/s corresponding to a co-ignimbrite column height about 40 km 
(Ninkovich et al., 1978a; Rampino and Self, 1992, 1993; Rose and Chesner, 1990; 
Woods and Wohletz, 1991). The sulfuric acid aerosols produced by an eruption of this 
magnitude may be approximately 1016 g (Rampino and Self, 1993; Rose and Chesner, 
1990), significant for causing short-term climatic effects (Devine et al., 1984; Hofmann 
and Rosen, 1987). 
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(2) Occurrence of the Toba ash near oxygen-isotope stage 5a-4 transition in the 
Marine Isotope Stratigraphy (MIS): published isotopic ages for the YTT fall near the MIS 
stage 5a-4 transition (Fig. 4.3) (Chesner et al., 1991; Dehn et al., 1991; Ninkovich et al., 
1978a; Rampino and Self, 1993). Since the isotope stage 5a-4 transition was a time of 
rapid ice-growth as the climate proceeded into the next glacial cycle, some scientists have 
proposed that the YTT, while of course not causing the onset of the next glacial cycle 
which is probably orbitally driven (Berggren et al., 1995; Imbrie and Imbrie, 1980; 
Imbrie et al., 1984), may have accelerated the process (Bekki et al., 1996; Ninkovich and 
Donn, 1976; Ninkovich et al., 1978a; Ramaswamy, 1992; Rampino and Self, 1992, 1993; 
Rose and Chesner, 1990; Zielinski et al., 1996). 
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Figure 4.3  Planktonic oxygen isotope (18O) profile for the upper 4 m of the piston core 
RC14-37 showing the location of the YTT ash (modified after Ninkovich et al., 1978a). 
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(3) Near-equatorial location and widespread dispersal of the Toba ash: the 
location of the Toba caldera near the equator would have allowed the stratosphere in both 
hemispheres to become loaded with YTT dust and aerosols (Rampino and Self, 1992, 
1993), causing a world-wide dispersal. Toba ash has been documented in the Indian 
Ocean >3000 km from the caldera (Dehn et al., 1991; Martin-Barajas and Lallier-Verges, 
1993; Ninkovich and Donn, 1976; Ninkovich et al., 1978a, 1978b; Rose and Chesner, 
1990, 1987). It has also been identified in lacustrine and fluvial sediments over wide 
areas of Malaysia and in the Indian sub-continent (Acharyya and Basu, 1993; Adhya et 
al., 1999b; Chesner et al., 1991; Shane et al., 1995, Westgate et al., 1998). The mean 
diameter of the ash particles remain nearly constant at 60 microns for distances between 
500 and >3000 km; in addition, and all tephra beds contain a small fraction (~10%) in the 
range 63-150 microns (Chesner et al., 1991; Rose and Chesner, 1987; Shane et al., 1995). 
In the light of work by Ram and Gayley (1991) and Langway et al. (1988), which 
show evidence for long-range transport of volcanic debris, along with the calculations by 
Shaw et al. (1974), the likelihood of YTT ash occurring in places farther from the range 
of its present known dispersal pattern is a reasonable possibility. Recent reports on the 
identification of Toba ash in ODP sites in South China Sea, and central Indian basin of 
the Indian Ocean provide evidences for bi-hemispheric dispersal of the ash cloud 
(Bühring et al., 2000; Lee et al., 1999, 2000; Pattan et al., 1999). These reports also 
suggest that the previous estimate of the magnitude of the YTT eruption should be 
revisited and supports the hypothesis of widespread global dispersal of gas and aerosols 
following the YTT eruption. 
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4.2 RESEARCH GOAL 
 
The four tuffs erupted from Toba Caldera in the past 1.2 million years are the 
Haranggoal Dacite Tuff (1.2 Ma), the 0.84 Ma Oldest Toba Tuff (OTT), the 0.5 Ma 
Middle Toba Tuff (MTT), and the 75 ky Youngest Toba Tuff (YTT) (Chesner, 1988; 
Chesner and Rose, 1991; Chesner et al., 1991; Knight et al., 1986). Chesner (1988), and 
Chesner and Ettlinger (1989) reported compositional zonation of the OTT, MTT, and 
YTT (e.g., SiO2 ranging from 68% to 76%). They argued that the compositional zonation 
is caused mainly by crystal fractionation of various mineral phases in Toba rocks.  
Toba tuffs contain quartz, sanidine, plagioclase, biotite, amphibole (hornblende), 
orthopyroxene (hypersthene), apatite, allanite, Fe-Ti oxides and zircons (Beddoe-
Stephens et al., 1983; Chesner, 1988). Many of these phases can be analyzed 
geochemically to identify the distinctive chemical signature of the eruption that generated 
them. In addition, glass shards and melt inclusions are ubiquitous, and can be analyzed to 
further unveil the geochemical story associated with each eruption. 
The goal of this research was to identify uniquely the chemical signature of the 
YTT based on the chemical composition of glass and phenocryst phases extracted from 
the proximal and distal ashes. High-precision geochemical data was generated using 
improved electron microprobe analysis (EMA) techniques. The data was used in an 
attempt to validate or to disprove the following hypotheses:  
1. Chemical composition of YTT ash remains unchanged with distance as reported by 
the previous workers. 
2. YTT is distinguishable from OTT and MTT geochemically. 
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3. YTT ash can be used as a major Pleistocene marker horizon. 
4. The major Pleistocene ash horizon reported from the Indian sub-continent was 
generated by YTT eruption. 
5. Glass phases and phenocryst phases of YTT tell the same geochemical story i.e., 
complex geochemical signature. 
6. Melt inclusion compositions in different phenocryst phases (e.g., quartz and 
plagioclase) are assumed to be different, recording different stages of evolution of a 
complex magma chamber. 
 
4.3 GEOCHEMICAL FINGERPRINTING 
 
The YTT magma was a high-silica rhyolite (Chesner, 1988; Chesner and Rose, 
1991; Dehn et al., 1991; Ninkovich, 1979; Rose and Chesner, 1987) composed 
principally of SiO2, Al2O3, Na2O and K2O like all rhyolites. Since rhyolites are 
significantly similar in composition, to distinguish YTT from unrelated eruptions 
geochemical analyses need to be rigorous. New methods have been developed using 
EMA that permit high-precision analyses of high-silica rhyolitic glass to obtain their 
geochemical fingerprints that can be used for stratigraphic studies (Dannenmann, 1997; 
Delano et al., 1994; Hanson, 1995; Hanson et al., 1996; Mitchell et al., 1994). These new 
techniques were used for analyzing glass phases (shards, and melt inclusions) separated 
from the Toba ash. 
It is axiomatic that the more phases that are used to define a geochemical 
fingerprint, the more reliable it is. Electron microprobe analyses of phenocryst phases 
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e.g., biotites, were also performed. To reach the research goals a three-step study was 
conducted.  
1. First, proximal YTT ash was analyzed to get the chemical fingerprint of the YTT 
eruption. 
2. Second, distal Toba ash was analyzed and the fingerprint obtained was compared 
with that of the proximal ash to understand the similarities and differences. The 
following tasks were performed: 
a. Tephra samples from Indian sub-continent that were already identified as 
YTT ash were re-examined. 
b. Unknown tephra samples collected from various locations in India, from 
similar stratigraphic interval as that of the YTT, were analyzed. 
3. In the third step, unknown tephras from similar stratigraphic interval as that of the 
YTT ash horizon were analyzed. Tephras extracted from the Pleistocene sediments of 
drill core from ODP site 769A in Sulu Sea near the MIS 5a-4 transition were chosen 
for this study. YTT ash has not been reported previously from this location. 
 
The geochemical data obtained were compared with the published phenocryst 
(biotite) and glass analyses for the YTT, MTT and OTT taken from the following 
sources:  
 For biotite chemistry comparison: Chesner (1988); and Dehn et al. (1991); 
 For glass chemistry comparison: Beddoe-Stephens et al. (1983); Chesner (1988); 
Dehn et al. (1991); and Westgate et al. (1998). 
 
 89
4.3.1 Proximal Toba Ash: Samples Description 
 
Four YTT samples collected from two locations (Fig. 4.1) were used for this 
study. Samples at "1630 m" and "Toba Sand" were collected from the "non-welded" part 
of the exposed YTT; samples at "1575 m" and "1700 m" were collected from the 
"incipiently welded" part of the exposure (Fig. 4.4). 
All samples yielded melt inclusion-bearing quartz (Fig. 4.5), glass shards (Fig. 
4.6) and biotites (Fig. 4.7) suitable for electron microprobe analysis (EMA). Melt 
inclusions are more commonly seen in quartz where they range between 10 to 100 µm in 
diameter. The inclusions are of various shapes ranging from spheroidal to faceted 
(negative crystal form, Fig. 4.5) with or without vesicles. Rose and Chesner (1987) 
reported two types of shards based on the shape, (a) pumice shards with elongated 
vesicles and (b) bubble-wall or platy shards. Both morphological types were observed in 
the samples studied (Fig. 4.6). Fresh euhedral biotite grains (Fig. 4.7) were observed 
frequently. 
About 90 individual YTT glasses (30 melt inclusion in quartz and 60 glass shards) 
extracted from proximal ignimbrite samples from Toba Caldera, Indonesia have been 
analyzed using the high-precision EMA techniques. In addition, about 150 individual 
biotites separated from the same samples have also been analyzed using the electron 
microprobe. 
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Figure 4.4  Samples of proximal YTT ash from Toba Caldera. A detailed description is 
provided in the text; for stratigraphic description refer to Chapter 2; for location map 
refer to Fig. 4.1. 
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Figure 4.5  Photomicrographs of melt inclusions (a) with vesicles, and (b) without 
vesicles, in quartz phenocrysts extracted from the YTT samples from the Toba Caldera, 
Indonesia.  
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Figure 4.6  Photomicrograph of glass shards from the proximal YTT samples from the 
Toba Caldera, Indonesia. Both "bubble-wall" and "pumice shards" as reported by Rose 
and Chesner (1987) were seen in the samples from Toba Caldera. 
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Figure 4.7  Photomicrograph of euhedral biotite phenocrysts extracted from the proximal 
YTT samples from the Toba Caldera, Indonesia. 
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4.3.2 Distal Toba Ash: Samples Description 
 
The Youngest Toba Tuff (YTT) ash is a major late Pleistocene tephra in the 
central Indian basin and northeastern Indian Ocean, and Bay of Bengal (Dehn et al., 
1991; Martin-Barajas and Lallier-Verges, 1993; Ninkovich and Donn, 1976; Ninkovich et 
al., 1978a, 1978b; Pattan et al., 1999; Rose and Chesner, 1990, 1987). Besides its 
extensive records from deep-sea cores, several occurrences of Toba ash have been 
reported as lenticular reworked deposits of limited extent from the Indian sub-continent 
(Acharyya and Basu, 1993; Adhya et al., 1999b; Chesner et al., 1991; Shane et al., 1995, 
Westgate et al., 1998). Toba tephra occurs within late Pleistocene sediments in eastern, 
central, and peninsular India, evident from glass shard and bulk ash geochemistry 
(Acharyya and Basu, 1993; Chesner et al., 1991; Shane et al., 1995, Westgate et al., 
1998). 
Tephra samples have been examined from three localities in eastern India 
(Chapter 2, Fig 7) e.g., Barakar (approx. 23 40' N, 87 E), Mahanadi Bank (approx. 20 
25' N, 85 50' E), and Hatipathar Khal (approx. 20 21' N, 85 53' E). 
All three samples yielded glass shards (Fig. 4.8) while one (Hatipathar Khal) also 
yielded melt inclusion-bearing phenocrysts (e.g. plagioclase feldspar, Fig. 4.9). High-
precision electron microprobe analyses were performed on melt inclusions and glass 
shards to obtain their chemical signatures. Geochemical analyses were performed using 
the same techniques and under similar instrumental conditions that were used for 
analyzing the melt inclusions and shards from YTT samples collected from Toba Caldera 
(proximal ash). Biotite phenocrysts were not observed in any of these tephra samples. 
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Figure 4.8  Photomicrograph of glass shards extracted from tephra samples from India. 
The samples studied only yielded bubble-wall shards, no pumice shards were observed. 
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Figure 4.9  Photomicrograph of melt-inclusions in feldspars extracted from the 
Hatipathar Khal tephra samples from India. Both rounded and faceted melt inclusions 
with and without vesicles were observed. The melt inclusions are typically quite small 
ranging up to 15 µm in diameter. 
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4.3.3 Tephras from Sulu Sea: Sample Description 
 
Pleistocene sediments from Ocean Drilling Program (ODP) leg 124 site 769 in the 
Sulu Sea (Chapter 2, Fig. 8) were examined for the occurrence of volcanic ash. 
Sediments from a ~ 40 cm portion of the drill core from Site 769A that contained the 
stage 5a-4 boundary (Linsley, 1996) were selected for this study because this portion 
coincides with the timing of the YTT eruption within the present uncertainties of the 
isotopic data. Two grain size fractions (e.g. > 150 m and 63 -150 m) of the cleaned 
bulk sample (foraminiferal nannofossil marl) were studied at 2 cm intervals within the 
selected portion. Size fraction 63 -150 m yielded glass shards and phenocrysts suitable 
for geochemical analysis. About 20 individual shards from the sediment samples having 
the maximum abundance of the volcanoclastic debris were analyzed using high precision 
EMA techniques. Out of 20 shards only one was identified as rhyolitic glass 
geochemically (Fig. 4.10). Biotite phenocrysts of volcanic origin were not observed in 
these sediments. 
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Figure 4.10  Photomicrograph of glass shards extracted from tephra samples from Ocean 
Drilling Program (ODP) drill core - site 769A (Sulu Sea). Out of all the volcanic glasses, 
only one was rhyolitic pumice. 
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4.3.4 Biotite Chemistry 
 
Biotites from all four proximal YTT samples were analyzed using electron 
microprobe analysis techniques and compared with the proximal YTT, MTT, and OTT 
“individual biotite” analyses of Chesner (1988). Since the tephra samples from India and 
Sulu Sea did not yield biotite phenocrysts, the only distal biotite data available for 
comparison with the proximal biotite data was from Dehn et al. (1991), who reported one 
biotite analysis from the MTT horizon and nothing from the OTT horizon. Both Chesner 
(1988) and Dehn et al. (1991) used electron microprobe for their biotite analysis 
(Appendix III). 
The following observations highlight the geochemical signature revealed by the 
Toba biotites (geochemical data presented in Appendix III): 
 YTT biotites show a greater range in SiO2 and Al2O3 composition. OTT shows 
similar SiO2 but a smaller Al2O3 compositional range. Distal YTT samples show a 
distinctly different composition evident from higher SiO2 and Al2O3 values; distal 
MTT biotite shows a higher Al2O3 composition. None of these two oxides 
discriminate YTT from the MTT and OTT geochemically (Fig. 4.11 A). 
 YTT biotites show the greatest range in Na2O and K2O composition. Toba Sand 
shows lower Na2O values compared to all the proximal YTT samples analyzed. 
The distal and the proximal YTT samples show similar Na2O and K2O 
composition. Distal YTT has higher K2O values for some analysis, while distal 
MTT data shows lower K2O composition. None of these two oxides can be used 
for discriminating Toba eruptions (Fig. 4.11 B). 
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Figure 4.11  Comparison of biotite compositions of YTT, MTT, and OTT. [Note: “Ch” = 
Chesner, 1988; “Dehn” = Dehn et al., 1991. Each point represents a single analysis]. 
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 YTT biotites show the greatest range in FeO and CaO composition. MTT and 
OTT biotites are slightly higher in FeO composition. Distal and proximal YTT are 
indistinguishable. This oxide pair fails to discriminate YTT uniquely from the 
MTT and OTT. [Note: The lower CaO and the higher FeO values for the YTT 
samples analyzed by the author compared to the published results are caused by 
differences in analytical conditions] (Fig 4.12 A).  
 YTT show the greatest range in FeO and TiO2 composition and a negative 
correlation trend for FeO-TiO2 (Fig 4.12 B). MTT is distinctly different in 
composition falling outside the trend; OTT is restricted to the high FeO-low TiO2 
end of the compositional trend. Biotites from 1630 m show a higher TiO2 and 
lower FeO composition compared to the other proximal YTT samples analyzed 
by the author (Fig 4.12 B). No difference was observed between the distal and 
proximal samples. TiO2 and FeO successfully discriminates YTT and OTT from 
MTT; the oxide pair fails to distinguish uniquely YTT from OTT (Fig 4.12 B). 
 All Toba biotites show a conspicuous positive correlation trend for MnO vs. Cl 
composition. YTT occupies the entire range of the compositional trend; MTT 
plots on the low MnO-low Cl end while OTT falls mainly on the middle portion 
of the compositional trend (Fig. 4.13 A). Toba Sand shows higher MnO and 
higher Cl composition compared to the other proximal YTT samples analyzed. 
MnO and Cl data for the distal samples were not available. This oxide pair does 
not clearly discriminate YTT with MTT and OTT; however, MTT and OTT can 
be easily distinguished from each other based on this oxide combination (Fig. 
4.13 A). 
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 MnO vs. TiO2 composition of all Toba biotites shows a distinct negative 
correlation trend. YTT shows the greatest range and occupies the entire 
compositional trend; MTT falls on the high TiO2-low MnO end, while OTT plots 
on the middle portion (Fig. 4.13 B). Toba Sand shows higher MnO composition 
compared to the other proximal YTT samples, and plots on the high MnO-low 
TiO2 end of the compositional trend. MTT and OTT are easily distinguishable 
based on this oxide pair. However, YTT cannot be clearly distinguished from 
MTT and OTT (Fig. 4.13 B). 
 YTT biotites show a unique negative correlation trend for MgO vs. Cl 
composition. MTT and OTT samples do not exhibit this trend and plot on two 
different, slightly overlapping, compositional clusters. Toba Sand plots on the low 
MgO-high Cl end of the trend, while 1630 m plots on the high MgO-low Cl end 
compared to the other proximal YTT samples (Fig. 4.14 A). This element pair 
successfully discriminates the three Toba eruptions and demonstrates their unique 
chemical composition (Fig. 4.14 A). 
 MgO vs. FeO composition exhibits another conspicuous negative correlation 
trend for all Toba biotites. YTT shows the greatest range in composition and is 
distinctly different from the MTT and the OTT by occupying the low FeO-high 
MgO end of the compositional trend. MTT and OTT cannot be distinguished from 
each other and plot on the high FeO-low MgO end. Distal samples show the same 
trends and identical composition as the proximal samples. [Note: differences in 
FeO values between Chesner (1988) data and author’s analyses are caused by the 
differences in analytical conditions] (Fig. 4.14 B). 
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Figure 4.12  Comparison of biotite compositions of YTT, MTT, and OTT. [Note: “Ch” = 
Chesner, 1988; “Dehn” = Dehn et al., 1991. Each point represents a single analysis]. 
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Figure 4.13  Comparison of biotite compositions of YTT, MTT, and OTT. [Note: “Ch” = 
Chesner, 1988; “Dehn” = Dehn et al., 1991. Each point represents a single analysis]. 
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Figure 4.14  Comparison of biotite compositions of YTT, MTT, and OTT. [Note: “Ch” = 
Chesner, 1988; “Dehn” = Dehn et al., 1991. Each point represents a single analysis]. 
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 Another useful oxide combination for discriminating the YTT, MTT and the OTT 
biotites is the MgO vs. MnO composition. YTT compositional cluster shows a 
negative correlation trend with Toba Sand on the high MnO-low MgO end and 
1630 m on the low MnO-high MgO end (Fig. 4.15 A). MTT and OTT biotites 
define compositional clusters that are distinctly different from each other and that 
of the YTT (Fig. 4.15 A). 
 The best discriminating oxide pair for the Toba biotites is the MgO vs. TiO2 
composition (Fig. 4.15 B). A conspicuous positive correlation trend is exhibited 
within the YTT compositional cluster, distinctly different from the compositional 
clusters defined by MTT and OTT. Toba Sand and the 1630 m biotites occupy 
two ends of the YTT compositional trend while overlapping with other proximal 
samples. Toba Sand being the low MgO-low TiO2 end-member and 1630 m being 
the high MgO-high TiO2 end-member. Composition of the distal and the proximal 
samples are identical except for a single distal YTT biotite that falls within the 
OTT compositional field (Fig. 4.15 B). 
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Figure 4.15  Comparison of biotite compositions of YTT, MTT, and OTT. [Note: “Ch” = 
Chesner, 1988; “Dehn” = Dehn et al., 1991. Each point represents a single analysis]. 
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4.3.4.1 Discussion on Biotite Chemistry 
 
Among the three major eruptions, YTT shows the greatest range in biotite 
compositions. In addition, YTT biotites show conspicuous compositional trends often 
overlapping that of MTT and OTT. Compositional trends exhibited by OTT biotites are 
very similar to that of the YTT. MTT shows similar trends except for TiO2 content (Fig. 
4.12 B). MgO concentrations prominently distinguish YTT from MTT and OTT; in 
addition, various combinations of TiO2, Cl, MnO, and FeO can be used to discriminate 
YTT, MTT and OTT (e.g., Figs. 4.13, 4.14, and 4.15), the best combination being MgO-
TiO2 (Fig. 4.15 B). 
Chesner (1988) distinguished YTT, MTT and OTT based on the MnO and TiO2 
content of the biotites. While agreeing with this conclusion, this study includes Cl as 
another discriminating element, and MgO and FeO as additional discriminating oxides. 
Data available for all other elements (Appendix III) are not useful in discriminating 
biotite compositions for the three consecutive eruptions from Toba caldera. 
The distal YTT biotites are identical to the proximal YTT biotites in composition 
except for the SiO2 and Al2O3 values (Fig. 4.11 A). These differences can be: 
 Natural, caused by either changes during transport or post-depositional changes 
due to weathering. 
 Artificial, caused due to differences in analytical conditions and laboratory 
techniques. 
It is premature to come to a conclusion regarding the issue at this point; additional 
data from distal samples probably will resolve this problem. Since all other elements 
 109
show no distinguishable chemical fingerprints for the distal and the proximal YTT 
biotites, SiO2 and Al2O3 should be used with caution while chemically correlating YTT 
biotites. 
The chemical differences seen among the four proximal YTT samples studied are 
real and demonstrate the inherent complexity in YTT chemistry probably caused by 
compositional zonation common to a magma chamber of comparable size (Cameron, 
1984; Chesner, 1988; Chesner and Ettlinger, 1989; Hildreth, 1977, 1979; Michael, 1983). 
Toba Sand is different from other proximal YTT samples based on Na2O, MnO, Cl, and 
MgO (Figures 4.11 B, 4.13, 4.15); 1630 m is different from other proximal YTT samples 
based on TiO2, and FeO (Fig. 4.12 B). Despite these differences in composition, all 
samples follow the YTT trend indicating a common origin that is distinctly different from 
that of MTT and OTT based on MgO, MnO, TiO2, and Cl (Figs. 4.13, 4.14, and 4.15). 
 
4.3.5 Glass Chemistry 
 
Glass shards and melt inclusions were analyzed from three of the four samples of 
proximal YTT e.g., Toba Sand, 1700 m, and 1575 m, using high precision electron 
microprobe analysis (see Chapter 3 for analytical methods). This section is divided into 
two parts: 
1. In the first part glass shard and melt inclusion composition of the proximal YTT 
samples analyzed by the author have been looked at to understand the chemical 
signature.  
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2. In the second part, the glass chemistry from the proximal YTT samples generated 
from this study was compared with: 
 The published geochemical data; 
 Geochemical data obtained from analyzing the tephra samples from India; 
 Tephra sample from the Sulu Sea.  
All data except for the data from Chesner (1988) were generated using electron 
microprobe. Chesner used XRF for analyzing the “glass separates”, his data was 
significantly differ from electron microprobe data for certain oxide concentrations e.g. 
MgO, K2O and Na2O (Appendix IV). Geochemical data from Chesner (1988) was used 
with caution, and was disregarded when seen to be departing from the published electron 
microprobe data of Beddoe-Stephens et al. (1983), Dehn et al. (1991), and Westgate et al. 
(1998). 
 
4.3.5.1 Proximal YTT Glass Compositions 
 
Melt inclusions from Toba Sand, 1700 m, and 1575 m, and glass shards from 
Toba Sand, and 1700 m were analyzed to investigate the geochemical characteristics of 
the proximal YTT glass phases. The following observations highlight the geochemical 
signature of proximal YTT glass phases (supporting geochemical data presented in 
appendix IV): 
 Proximal YTT samples reveal a conspicuous negative correlation trend for their 
SiO2 vs. Al2O3 composition (Fig. 4.16 A). Toba Sand exhibits the largest range in 
SiO2 and contains the most silicic glasses; while 1575 m melt inclusions contain 
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least SiO2 and highest Al2O3 compared to the other samples and stand out in the 
SiO2-Al2O3 plot (Fig. 4.16 A). Melt inclusions exhibit a greater range in 
composition compared to the glass shards. 
 No relationship exits in their Na2O vs. K2O composition However, a chemical 
signature for YTT glasses can be suggested based on a wider range of Na2O 
concentrations and a smaller K2O compositional range (Fig. 4.16 B). Na2O vs. 
K2O composition of the glasses show considerable differences between the glass 
shard and melt inclusions. Glass shards exhibit lesser Na2O concentration 
compared to their melt inclusion counterparts (Fig. 4.16 B). Post depositional 
leaching of highly mobile Na could be an explanation for this observation. Other 
mobile elements e.g., Ca and K do not support this hypothesis. 
 Proximal YTT samples exhibit excellent positive correlation trends for their 
MnO-Cl, FeO-CaO, MgO-FeO, and MgO-TiO2 compositions (Figures 4.17, 
4.18). Melt inclusions show greater ranges in composition. 
 Although MnO vs. Cl composition of all the samples shows a positive correlation, 
the relationship between the most and the least differentiated samples is reversed. 
The most differentiated Toba Sand occupies the high MnO-High Cl end of the 
trend while the less differentiated 1700 m occupies the low-MnO-low Cl end of 
the compositional trend (Fig. 4.17 A). MnO concentration is typically low in more 
differentiated rocks; proximal YTT samples do not follow this trend. Immediate 
explanation to this phenomenon is assimilation of some MnO and Cl rich phases 
that could have created this imbalance. 
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 Toba Sand occupies the lower end of the CaO, FeO, MgO, and TiO2 
compositional ranges (Figures 4.17 B, 4.18), which indicates that it is the most 
differentiated of all proximal YTT samples analyzed. 1700 m shows the greatest 
compositional ranges and contains the least differentiated glasses evident from 
their higher CaO, FeO, MgO and TiO2 concentrations (Figures 4.17 B, 4.18). 
 The chemical signature exhibited by 1575 m melt inclusions remains enigmatic in 
terms of differentiation trends seen in other samples. It has least SiO2 but highest 
Na2O and Al2O3 concentrations (Fig. 4.16, Appendix IV).  
 Plots of Al2O3 vs. K2O (Fig. 4.19 A), and SiO2 vs. K2O, CaO and FeO (Fig. 4.19 
B, C, and D respectively) reveal two conspicuously different compositional 
trends. A majority of data points fall on one trend and the other trend is mainly 
defined by 1575 m melt inclusions and a few Toba Sand melt inclusions (Fig 
4.19). 
 
The glass composition of the proximal YTT reveals a complex geochemical 
signature. It is obvious that more data from additional samples will further elucidate the 
complicated chemical story. At this point, it can be hypothesized that the compositional 
zonation of the YTT magma chamber is the source of the chemical differences seen so 
far. Comparison of these data with published data will help in better understanding the 
geochemical fingerprint of the complex magma chamber. 
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Figure 4.16  Comparison of glass compositions of proximal YTT. [Note: “GS” = glass 
shards; “M” = melt inclusions. Each point represents a single analysis]. 
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Figure 4.17  Comparison of glass compositions of proximal YTT. [Note: “GS” = glass 
shards; “M” = melt inclusions. Each point represents a single analysis]. 
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Figure 4.18  Comparison of glass compositions of proximal YTT. [Note: “GS” = glass 
shards; “M” = melt inclusions. Each point represents a single analysis]. 
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Figure 4.19  Comparison of glass compositions of proximal YTT. Symbols used to 
identify samples are same as that of Fig 4.18. 
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4.3.5.2 Comparison of Proximal YTT Glass with Distal Glass and Published data 
 
YTT, MTT, and OTT are rhyolitic in composition and are difficult to distinguish 
chemically because of their similar provenance (Chesner 1988, Dehn et al., 1991; 
Westgate et al., 1998). Earlier in this chapter, we have seen that biotite chemistry can 
successfully discriminate YTT from the other Toba eruptions. In this part, glass 
chemistry was used as a tool in an attempt to better understand the chemical signature of 
the YTT compared to the MTT and OTT. Oxide XY-plots that were used to define 
proximal YTT signature have been used to compare and understand the following: 
 Relationships among YTT, MTT, OTT; 
 Similarities and differences between the proximal and the distal samples; 
 Check how effective the chemical signature of YTT glasses is for discrimination 
from other similar eruptions. 
 
The following observations highlight the geochemical signature revealed by the 
glass phases (geochemical data presented in appendix IV): 
 SiO2 vs. Al2O3 composition for all YTT samples analyzed by the author as well as 
published data for YTT, MTT and OTT plot on the negative correlation trendline 
observed for the YTT glasses (Figures 4.16A, 4.20). YTT has the greatest range 
in composition while distal OTT shards are the least silicic of all distal shard 
samples. Glass shard compositions of all Indian tephra samples are identical to 
that of the proximal and distal YTT. Melt inclusions from the Hatipathar Khal 
(the only Indian tephra sample yielding melt inclusions) are less evolved 
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compared to the glass shard composition of the Indian tephras, but similar to that 
of proximal YTT melt inclusions. The 1575 m samples along with some YTT 
samples from Chesner’s (1988) data remains the least evolved of all Toba 
samples. The rhyolitic shard from Sulu Sea is not distinguishable from the Toba 
tephras. This oxide pair cannot be used to discriminate the Toba eruptions. 
 Na2O vs. K2O composition easily separates OTT and Sulu Sea tephra from the 
YTT (Fig. 4.21). YTT has the greatest range in composition. Distal YTT has 
lower Na2O and K2O composition, probably due to post depositional loss of 
highly mobile Na and K. Proximal samples analyzed by the author show 
considerable differences between the melt inclusion and glass shard chemistry not 
seen in published data (Figures 4.16B, 4.21). YTT signature is strong for this 
oxide pair but not unique. MTT cannot be differentiated from YTT. However, this 
oxide pair can easily discriminate OTT from YTT and MTT. The Indian tephra 
samples are identical to the YTT based on the Na2O-K2O compositions. [Note: 
Chesner’s (1988) OTT data do not support this observation. This is mainly due to 
the differences in the analytical techniques used by Chesner (1988) vs. this 
research and other historical data used in this plot. Chesner (1988) used XRF 
while all other data used in this plot was obtained using electron microprobe 
analysis]. 
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Figure 4.20  Comparison of glass compositions of all Toba samples. [Note: GS = glass 
shards; M = melt inclusions in quartz; M-Felds = melt inclusions in feldspars. Each point 
represents a single analysis].
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Figure 4.21  Comparison of glass compositions of all Toba samples. [Note: GS = glass 
shards; M = melt inclusions in quartz; M-Felds = melt inclusions in feldspars. Each point 
represents a single analysis]. 
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 MnO vs. Cl composition is the best discriminator of the Toba glasses from the 
Sulu Sea Shard (Fig 4.22). The conspicuous positive correlation trend shown by 
the two oxide compositions of proximal YTT samples (Fig. 4. 17 A) is maintained 
by all Toba samples (Fig. 4.22). Comparison with published data was limited 
since very few workers have analyzed MnO and Cl for Toba glass samples. 
Available data indicate that MTT and YTT cannot be distinguished clearly from 
each other. However, MTT plot on the low MnO-low Cl end of the trendline. Sulu 
Sea shard does not fall on the trendline and is distinctly different. OTT is also 
different, and falls on the high MnO-high Cl end of the positive correlation trend. 
Lack of MnO and Cl composition data for MTT and OTT glasses make it 
impossible to find their exact signature. Proximal, distal YTT samples and Indian 
tephra samples are identical in MnO-Cl composition.  
 FeO-CaO, MgO-FeO, and MgO-TiO2 composition pairs are among the best 
discriminators for the YTT, MTT, and OTT glasses (Figures 4.23, 4.24, 4.25) 
despite significant overlap between YTT and MTT compositional ranges.  
 The positive correlation compositional trends shown by these oxide pairs for the 
proximal YTT glasses (Figures 4.17B, 4.18A and 4.18B) are also observed for 
published YTT data, and data from the Indian tephra samples (Figures 4.23, 4.24, 
4.25). 
 FeO-CaO pair is the best discriminator for YTT, MTT and OTT glass 
compositions. YTT has a conspicuous positive correlation trend for the oxide pair; 
OTT and MTT do not follow this trend but define their own compositional fields 
(Fig. 4.23). Distal and proximal YTT glasses are not distinguishable in FeO-CaO 
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composition. Glass shard composition of the Indian tephra is identical to that of 
YTT for the oxide pair. The melt inclusion compositions from the Indian tephra 
follow the same YTT trendline however plot on the higher FeO and CaO end. 
Since the host phenocrysts for the melt inclusions are plagioclase, it is possible 
that these less evolved melt were trapped during early part of magmatic evolution. 
 MgO vs. FeO composition successfully discriminates YTT, MTT, OTT, and Sulu 
Sea tephra (Fig 4.24). Although YTT and OTT fall on the positive correlation 
trend defined by the oxide pair, OTT is restricted to the high MgO-high FeO end. 
MTT defines a compositional field close to the YTT compositional field, but 
lacks the positive correlation trend shown by the oxide pair for YTT. Sulu Sea 
shard is quite different from all Toba samples except for an outlier from the distal 
YTT data of Dehn et al. (1991). Distal and proximal samples are indistinguishable 
in composition. Melt inclusions from the Indian tephra sample exhibit a higher 
concentration of MgO and FeO, and show a minor overlap with the OTT MgO-
FeO compositional field (Fig. 4.24). Data for distal YTT from Dehn et al. (1991) 
although falls within the MgO-FeO compositional field for the YTT, but slightly 
deviates from the conspicuous trend seen for other YTT samples. 
 YTT and MTT glasses show subtle but conceivable compositional differences 
evident from FeO vs. CaO, and MgO vs. FeO plots; however these oxide pairs 
demonstrate significant differences between OTT and MTT, and conspicuous 
differences between OTT and YTT (Figures 4.23 and 4.24). 
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Figure 4.22  Comparison of glass compositions of all Toba samples. [Note: GS = glass 
shards; M = melt inclusions in quartz; M-Felds = melt inclusions in feldspars. Each point 
represents a single analysis]. 
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Figure 4.23  Comparison of glass compositions of all Toba samples. [Note: GS = glass 
shards; M = melt inclusions in quartz; M-Felds = melt inclusions in feldspars. Each point 
represents a single analysis].
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Figure 4.24  Comparison of glass compositions of all Toba samples. [Note: GS = glass 
shards; M = melt inclusions in quartz; M-Felds = melt inclusions in feldspars. Each point 
represents a single analysis]. 
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 The geochemical signature defined by the MgO vs. TiO2 oxide pair can be 
interpreted in two different ways. 
1. From a quick look at the Fig. 4.25, it seems there are two positive 
correlation compositional trends (“Trend 1” and “Trend 2”) defined 
mainly by the YTT samples. MTT and OTT follow the “Trend 1”, which 
can be interpreted as the main Toba trend since it comprises a majority of 
the samples. “Trend 2” is defined by relatively fewer numbers of analyses 
comprising mainly melt inclusions in feldspars from the Indian sample 
(Hatipathar Khal), a few proximal melt inclusions, and a few distal YTT 
shards. OTT is distinctly different from the YTT and plots on the high 
MgO-high TiO2 end of “Trend 1”, while MTT takes the low MgO-low 
TiO2 end. Considerable overlap in MgO-TiO2 composition is seen 
between YTT and MTT glasses. “Trend 2” is quite different from “Trend 
1” and does not apply for MTT and OTT. Sulu Sea sample falls on “Trend 
2” and cannot be distinguished from YTT. “Trend 2” is less steep and 
differs from “Trend 1” by its higher MgO/TiO2 ratio. 
2. The analyzed glasses can be divided into three compositional fields based 
on MgO-TiO2.compositional plot (Fig. 4.25). YTT compositional field 
comprises all YTT samples, Sulu Sea shard, and overlaps with the MTT 
compositional field. OTT field is conspicuously different, showing minor 
overlap with the YTT compositional field. 
[Note: Distal and proximal samples are indistinguishable for either interpretation 
(Fig 4.25)]. 
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Figure 4.25  Comparison of glass compositions of all Toba samples. [Note: GS = glass 
shards; M = melt inclusions in quartz; M-Felds = melt inclusions in feldspars. Each point 
represents a single analysis]. 
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The two conspicuously different compositional trends seen in the SiO2 vs. CaO 
and SiO2 vs. FeO plots for the proximal YTT glasses (Fig. 4.19 C and D respectively) are 
corroborated by the distal ash composition and published data (Fig. 4.26). As seen earlier, 
a majority of data points fall on one trend; the other trend is defined by 1575 m and Toba 
Sand melt inclusions.  
 OTT seems to be the least differentiated of the three Toba eruptions based on the 
compositional trend defined by a majority of data points evident from its higher 
CaO and FeO contents (Fig 4.26 A and B respectively). YTT has the greatest 
range in composition. Proximal and distal samples are indistinguishable, except 
for the melt inclusions in feldspar samples from India. These show higher CaO 
and FeO concentrations compared to all other YTT samples (Fig. 4.26). 
 The Sulu Sea sample is not distinguishable from The Toba samples based on 
these oxide pairs. 
 These oxide pairs do not successfully discriminate the three Toba eruptions, 
although presence of the two conspicuously different compositional trends of 
YTT differentiates it from the MTT and OTT (Fig. 4.26). 
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Figure 4.26  Comparison of glass compositions of all Toba samples. Symbols used to 
identify samples are same as that of Fig. 4.20. 
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4.3.5.3 Discussion on Glass Chemistry 
 
Glass chemistry reveals a more complex signature for the three consecutive Toba 
eruptions compared to that of biotites. While the main cause for these complexities could 
be due to compositional zonation of the magma chamber caused by crystal fractionation 
(Chesner, 1988; Chesner and Ettlinger, 1989), role of contamination cannot be ruled out. 
YTT shows the greatest range in glass composition showing conspicuous compositional 
trends; MTT and OTT show similar trends but less spread in the data (Figures 4.20, 4.22, 
4.24, and 4.26). OTT falls on the least evolved end of the compositional trends observed. 
YTT and MTT glass compositions show a closer similarity than that between YTT and 
OTT, contrary to the observation of Chesner (1988).  
Although the three eruptions are more difficult to distinguish based on the glass 
chemistry compared to the biotite chemistry, distinct differences can be observed. YTT 
can be differentiated from OTT based on K2O content (Fig. 4.21) and MnO-Cl (Fig. 
4.22). Other combinations of oxides that best discriminate YTT from MTT and OTT are 
CaO, FeO, MgO, and TiO2 (Figs. 4.23, 4.24, and 4.25). Data available for all other 
elements (Appendix IV) indicate an indistinguishable glass composition for the studied 
YTT samples and the published YTT, MTT, and OTT samples. Chemical composition of 
the glass sample analyzed from the Sulu Sea (ODP leg 124 site 769) is distinctly different 
from that of the Toba samples. 
Distal and proximal YTT are identical in glass composition; melt inclusions show 
greater compositional range compared to the glass shards. Proximal YTT samples show 
considerable variation indicating an origin from a complex magma chamber. The two 
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conspicuously different compositional trends demonstrated by the Al2O3-K2O, SiO2-K2O, 
SiO2-CaO, and SiO2-FeO oxide pairs (Fig. 4.19) were not observed in distal samples or in 
data taken from the literature. The latter and a majority of YTT, MTT and OTT glass data 
follow one trend (Fig. 4.26), while the other compositional trend is defined by limited 
melt inclusion data e.g., Toba 1575 m, and Toba Sand.  
It is to be noted that the secondary YTT compositional trend, defined by a few 
melt inclusion data, reflects differences in Al2O3/K2O, SiO2/ K2O, SiO2/CaO, and 
SiO2/FeO ratios (Figs. 4.19, 4.26). In another plot, the MgO/TiO2 ratio defines two 
different compositional trends (Fig. 4.25) for the Toba rocks. While a majority of the data 
points fall in one trend, a few data from the distal and proximal YTT define the other 
trend. Samples from 1575 m and Toba Sand, defining the secondary YTT trend in Fig. 
4.19, do not define the secondary YTT trend in Fig. 4.25. Apparently there are two 
compositional trends shown by the chemical composition of the YTT glasses, which are 
not demonstrated in biotite chemistry. These observations lead to the following 
possibilities: 
 The primary compositional trend comprising a majority of glass analyses is the 
real Toba trend, while the secondary trend is not real and formed by outliers 
indicating biases in analyses. 
 The secondary YTT trend in Figs. 4.19 and 4.26 is real, and indicates 
contamination of a part of the magma chamber by assimilation of pelitic 
materials.  
 The secondary trend in Fig. 4.25 is real, and probably caused by crystal 
fractionation.  
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 The composition of the melt changed after biotites had crystallized. 
It is premature to conclude definitively that the YTT magma may have more than 
one mode of origin based on the limited data. Nonetheless, the observations presented in 
this study build a case for further investigation on the genesis of YTT magma with more 
sophisticated geochemical studies. 
 
4.4 QUANTIFYING GEOCHEMICAL SIMILARITIES AND DIFFERENCES 
 
Biotite and glass data from all sources (i.e., this study and published sources) 
were subjected to statistical analysis to quantify the similarities and differences. 
Similarity coefficients (SC) for comparison among the geochemical data were calculated 
for all proximal and distal Toba samples (YTT, MTT, and OTT) including the samples 
from India, and the tephra sample from the Sulu Sea.  
Similarity coefficient analysis is a commonly used statistical tool to compare 
chemical compositions (Borchardt et al., 1971, 1972; Rodgers and Nicewander, 1988; 
Rovine and Von Eye, 1997; Samson et al., 1995; Sarna-Wojcicki et al., 1987). It can be 
defined as follows: 
 
 
Where, 
d(A,B)   = similarity coefficient for comparison of samples A and B or B and A;  
i  = element number; 
n  = number of elements; 
Ri  = XiA/XiB if XiB ≥ XiA; else XiB/XiA; 
XiA = concentration of element i in sample A; 
XiB = concentration of element i in sample B. 
If d(A,B) approaches a value of 1, geochemical match is achieved. 
n 
Ri 
n 
 
i=1 
d(A,B)  = 
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The matrix showing the similarity coefficient (SC) values for all pairs of biotite 
and glass samples used in this study are shown in Tables 4.2 and 4.3 respectively. The 
following observations were made from the SC analyses: 
 YTT biotite samples show a SC value ranging between 0.91 and 0.98, when 
compared to one another.  
 YTT vs. MTT biotites samples range in SC values between 0.86 and 0.92. 
 YTT vs. OTT biotites samples range in SC values between 0.91 and 0.95. 
 MTT vs. OTT biotites samples range in SC values between 0.86 and 0.91. 
 The glass samples from the Sulu Sea when compared with YTT, MTT, and OTT 
glass samples show a range of SC values between 0.69 and 0.83, indicating a lack 
of match. The SC values corroborate the observation depicted in the variation 
diagrams for glass data. 
 YTT glass samples range in SC values between 0.79 to 0.98 
 YTT vs. MTT glass samples range in SC values between 0.79 to 0.92 
 YTT vs. OTT glass samples range in SC values between 0.71 to 0.85 
 MTT vs. OTT glass samples range in SC values between 0.68 to 0.9 
SC values of the biotite compositions indicate a general similarity among all three 
sets of Toba rocks. YTT vs. OTT biotite samples have higher SC values i.e., closer in 
composition, compared to the YTT vs. MTT or MTT vs. OTT biotites. The tephra sample 
from the Sulu Sea is easily distinguishable from the Toba samples based on the low SC 
values. The glass samples indicate a greater range of SC values for all three sets of Toba 
rocks. YTT glass composition is closer to the MTT glass composition evident from the 
higher SC values.
 
 
Table 4.2  Similarity coefficient matrix for all pairs of biotite samples. Please refer to the index to identify the samples. 
 
 1 2 3 4 5 6 7 8 9
1 1         
2 0.94 1        
3 0.92 0.96 1       
4 0.91 0.96 0.98 1      
5 0.96 0.96 0.94 0.93 1     
6 0.87 0.89 0.91 0.91 0.86 1    
7 0.95 0.94 0.92 0.91 0.95 0.86 1   
8 0.95 0.94 0.95 0.95 0.95 0.91 0.91 1  
9 0.92 0.89 0.9 0.89 0.92 0.91 0.91 0.91 1
 
 
Index for Table 4.2 
1= Toba Sand 
2= 1575 
3= 1700 
4= 1630 
5= Chesner, 1988 (YTT) 
6= Chesner, 1988 (MTT) 
7= Chesner, 1988 (OTT) 
8= Dehn et al., 1991 (YTT) 
9= Dehn et al., 1991 (MTT) 
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Table 4.3  Similarity coefficient matrix for all pairs of glass samples. Index provided in the following page. 
 
 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
1 1                        
2 0.85 1                       
3 0.88 0.87 1                      
4 0.83 0.92 0.85 1                     
5 0.93 0.87 0.9 0.85 1                    
6 0.79 0.94 0.83 0.91 0.81 1                   
7 0.93 0.89 0.88 0.88 0.95 0.84 1                  
8 0.90 0.92 0.9 0.9 0.92 0.86 0.97 1                 
9 0.92 0.9 0.88 0.88 0.94 0.84 0.98 0.97 1                
10 0.71 0.74 0.72 0.77 0.71 0.74 0.73 0.74 0.73 1               
11 0.91 0.87 0.86 0.85 0.91 0.81 0.9 0.9 0.9 0.74 1              
12 0.89 0.9 0.87 0.9 0.92 0.85 0.92 0.92 0.92 0.75 0.93 1             
13 0.86 0.85 0.81 0.82 0.84 0.82 0.85 0.87 0.87 0.69 0.88 0.85 1            
14 0.71 0.72 0.74 0.76 0.73 0.71 0.71 0.72 0.71 0.79 0.72 0.73 0.68 1           
15 0.88 0.94 0.86 0.9 0.9 0.88 0.93 0.95 0.94 0.72 0.91 0.94 0.88 0.7 1          
16 0.86 0.93 0.85 0.91 0.91 0.89 0.93 0.93 0.92 0.79 0.92 0.97 0.87 0.75 0.96 1         
17 0.86 0.85 0.85 0.83 0.87 0.81 0.86 0.88 0.87 0.71 0.9 0.87 0.91 0.71 0.88 0.85 1        
18 0.73 0.77 0.75 0.81 0.74 0.77 0.75 0.76 0.75 0.83 0.72 0.76 0.75 0.96 0.75 0.76 0.72 1       
19 0.84 0.93 0.85 0.96 0.86 0.95 0.88 0.9 0.88 0.8 0.87 0.92 0.86 0.8 0.92 0.94 0.91 0.83 1      
20 0.79 0.88 0.8 0.89 0.81 0.87 0.82 0.84 0.83 0.78 0.82 0.86 0.89 0.8 0.87 0.92 0.88 0.86 0.9 1     
21 0.73 0.8 0.75 0.83 0.76 0.79 0.76 0.78 0.77 0.74 0.76 0.79 0.82 0.8 0.8 0.85 0.83 0.88 0.82 0.9 1    
22 0.92 0.88 0.89 0.86 0.93 0.85 0.91 0.91 0.91 0.72 0.93 0.92 0.88 0.72 0.91 0.9 0.9 0.72 0.9 0.83 0.76 1   
23 0.87 0.9 0.81 0.9 0.87 0.89 0.88 0.9 0.89 0.75 0.91 0.93 0.87 0.73 0.93 0.94 0.87 0.75 0.96 0.89 0.81 0.9 1  
24 0.91 0.88 0.9 0.86 0.95 0.83 0.93 0.93 0.93 0.75 0.93 0.93 0.86 0.75 0.92 0.91 0.9 0.74 0.88 0.83 0.77 0.95 0.88 1 
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Index for Table 4.3 
 
1= Toba Sand (Melt inclusion in Qtz) YTT 
2= Toba 1700 (Melt inclusion in Qtz) YTT 
3= Toba 1575 (Melt inclusion in Qtz) YTT 
4= Hatipathar Khal (Melt in Feldspar) YTT 
5= Toba Sand (Glass Shard) YTT 
6= Toba 1700 (Glass Shard) YTT 
7= Talcher (Glass Shard) YTT 
8= Mahanadi Bank (Glass Shard) YTT 
9= Hatipathar Khal (Glass Shard) YTT 
10= Sulu Sea - ODP 769A (6.07 m, Glass Shard) 
11= Westgate et al., 1998 (Proximal YTT Glass Shard) 
12= Westgate et al., 1998 (Distal YTT Glass Shard) 
13= Westgate et al., 1998 (MTT Glass Shard) MTT 
14= Westgate et al., 1998 (OTT Glass Shard) OTT 
15= Westgate et al., 1998 (YTT Glass Shard from India) 
16= Dehn et al., 1991 (ODP 758, YTT Glass Shard) 
17= Dehn et al., 1991 (ODP 758, MTT Glass Shard) 
18= Dehn et al., 1991 (ODP 758, OTT Glass Shard) 
19= Chesner, 1988 (YTT Glass Shard) 
20= Chesner, 1988 (MTT Glass Shard) 
21= Chesner, 1988 (OTT Glass Shard) 
22= Beddoe-Stephens et al., 1983 (YTT Matrix Glass) 
23= Beddoe-Stephens et al., 1983 (YTT Melt Inclusions in Feldspar)
24= Beddoe-Stephens et al., 1983 (YTT Melt Inclusions in Qtz) 
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4.5 CONCLUSIONS 
 
The following conclusions can be drawn from the observations and discussions 
presented in the previous sections:  
1. Chemical composition of the YTT glass phases does not change with distance 
evident from the chemical match between proximal and distal glass samples. 
2. Composition of the distal YTT biotites differs from that of the proximal ones only 
for two elements e.g., Si and Al. However, it is premature to conclude whether 
this difference is real or caused by laboratory biases. 
3. The three Toba eruptions can be distinguished by biotite and glass chemistry. 
Biotite chemistry seems to be a better tool for discriminating YTT from MTT, 
while glass chemistry better discriminates YTT from OTT. 
4. The best discriminating elements for Toba biotites are Mn, Ti, Cl, Mg, and Fe. 
5. The best discriminating elements for Toba glass phases are Ca, K, Mn, Cl, Fe, 
Mg, and Ti. 
6. YTT glass and biotite composition is unique; therefore, the ash horizon can be 
used as a major Pleistocene marker horizon. This is corroborated by the 
compositional differences seen between YTT and MTT (with some overlaps), and 
YTT and OTT, and YTT and the tephras from the Sulu Sea. 
7. All the tephra samples collected from India were generated by the YTT eruption, 
evident from the identical geochemical correlation observed. 
8. Both glass and biotite chemistries indicate a complex geochemical signature for 
the YTT. The glass chemistry is more complex than that of the biotite. 
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9. The chemical differences observed between YTT samples collected from different 
locations and different stratigraphic levels of the same ash bed indicate that the 
YTT magma chamber was compositionally zoned. Glass chemistry indicates two 
separate differentiation trends, one probably caused by crystal fractionation, and 
the other by contamination caused by assimilation of pelitic materials. 
10. Melt inclusion composition in quartz and plagioclase are identical. 
11. The chemical variation diagrams and the similarity coefficient (SC) study give 
similar results; however, high ranges in SC values make it a less reliable tool for 
comparing geochemical data from a complex eruption like YTT. Using the two 
tools simultaneously was helpful in cross checking the results. 
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CHAPTER 5 
FINGERPRINTING THE ORDOVICIAN MILLBRIG K-BENTONITE 
 
5.1 INTRODUCTION  
 
The upper Middle Ordovician Millbrig K-bentonite (altered volcanic ash) is one 
of the thickest and most widespread of the Ordovician K-bentonites (Haynes, 1994; 
Kolata et al., 1996, 1998) and marks the base of the North American Chatfieldian Stage 
of the upper Mohawkian Series (Leslie and Bergström, 1995, 1997) (Fig. 5.1).  
 
Figure 5.1  Stratigraphic position of the Millbrig K-bentonite within the North American 
Stages (Kolata et al., 1996, 1998; Leslie and Bergström, 1995). 
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The Millbrig K-bentonite bed has been identified in outcrops, drill-cores, and 
wireline-logs throughout the eastern United States (Fig. 5.2) and southwestern Canada 
(Haynes 1994; Kolata et al., 1986, 1996, 1998). It may also be equivalent, in part, to the 
Kinnekulle K-bentonite Bed in Baltoscandia (Bergström et at., 1995, 2004; Huff et al., 
1992, 1998, 1999) although this has been questioned (Haynes et al., 1995; Min et al., 
2001). 
In recent years sequence stratigraphic concepts have been applied successfully to 
the Middle and Upper Ordovician rocks within the Mohawkian succession of the North 
American mid continent , particularly along the western margin of the Taconic foreland 
basin (e.g., Baird and Brett, 2002; Holland and Patzkowsky, 1996, 1997; Pope and Read, 
1997a, 1997b). The Millbrig K-bentonite Bed lies very close to a major stratigraphic 
sequence boundary that is closely related to the transition from peripheral uplift to large-
scale subsidence within the Taconic foreland basin (Ettensohn, 1991; unconformity B of 
Rogers, 1971). Because of the rapidly changing and regionally varying paleo-
environmental conditions, patterns of facies and faunal distribution in this interval were 
complex. Detailed regional correlation based on biostratigraphy and lithostratigraphy 
remains controversial and not well established. The Millbrig K-bentonite provides a key 
marker for extending the stratigraphic framework both into the proximal parts of the 
basin (Taconic foreland) and onto the surrounding craton (continental interior). 
However, despite its widespread geographic distribution, the Millbrig K-bentonite 
(until recently) has not been identified confidently within the upper Middle Ordovician 
rock succession in the New York State and the southern Ontario region, the type 
succession of the Middle Ordovician in North America.  
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Figure 5.2  Regional map of the study area with geographic locations of the sections 
containing Millbrig K-bentonite bed. The sections studied are (1) Reedsville and Union 
Furnace from central Pennsylvania, (2) Daleville, Catawba, Tazewell, and Hagan from 
northern and western Virginia, (3) Shakertown from central Kentucky, and (4) St. Louis, 
from eastern Missouri. Detailed locality information and description of the stratigraphic 
sections are provided in Chapter 2. 
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Kay (1931) correlated his "Hounsfield Metabentonite", which has its type section 
near Dexter, New York (Fig. 5.3), with the Millbrig K-bentonite in the Spechts Ferry 
Member of Decorah Formation in the Upper Mississippi Valley. Although Conkin (1990, 
1991) and Schirnick (1990) supported Kay’s (1931) correlation, which was based mainly 
on lithostratigraphy, most subsequent authors have disregarded this correlation because it 
lacked a definitive chemical test for proving that these K-bentonites represent airfall 
deposits from the same volcanic event that occurred ~450 Ma ago (Kolata et al., 1996). 
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Figure 5.3  Regional map and geographic location of the Dexter quarry, type locality for 
the Hounsfield K-bentonite. Detailed locality information is provided in Chapter 2. 
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5.2 RESEARCH GOAL 
 
The goal of this research was to improve our understanding of the Millbrig “Event 
bed” based on the chemical compositions of melt inclusions in quartz and apatite 
phenocrysts extracted from the K-bentonite samples from a number of localities in 
eastern United States (Fig. 5.2). High-precision geochemical data using improved 
electron microprobe analysis (EMA) techniques was generated to test the following 
hypotheses: 
1. The Millbrig K-bentonite has considerable within-bed geochemical variation, 
indicating it may represent multiple accumulation events or ash falls i.e., a composite 
event horizon, as suggested by Huff et al. (1999). 
2. The Hounsfield K-bentonite is in fact the Millbrig K-bentonite. 
3. The Millbrig has a unique geochemical signature distinguishable from other K-
bentonites of similar age. 
4. The geochemical signature of the Millbrig K-bentonite can be used as a reliable tool 
for correlation. 
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5.3 GEOCHEMICAL FINGERPRINTING 
 
Kolata et al. (1996) presented a comprehensive account on the composition of the 
parental magmas for various key Ordovician K-bentonites including the Millbrig. They 
reported a rhyolitic composition for the Millbrig parent magma at the time of eruption. 
Since most of the Ordovician K-bentonites had highly evolved parent magmas ranging in 
composition from rhyolite to dacite (Kolata et al., 1996), to identify unequivocally the 
Millbrig from other closely spaced K-bentonites of similar age, it is necessary to provide 
rigorous chemical constraints through geochemical analyses involving samples from 
multiple localities.  
A number of studies reported the bulk composition as well as phenocryst 
chemistry of the Millbrig K-bentonite (Adhya et al., 1999a, 2000; Emerson et al., 2001; 
Haynes et al., 1995; Huff, 1983a; Huff et al., 1996, 1998, 1999, 2002a, 2002b; Kolata et 
al., 1986, 1987, 1996; Krekeler, 2001; Samson et al., 1988, Verhoeckx-Briggs et al., 
2001). Some of these studies attempted to understand the tectonic and magmatic origin of 
the source volcano that resulted in the Millbrig eruption, while some were intended for 
discovering a chemical fingerprint of the altered volcanic ash layer for stratigraphic 
purpose. Most studies to decipher a chemical signature of the K-bentonite relied either on 
bulk composition or on phenocryst chemistry of a single phase. 
Since a reliable chemical fingerprint for a complex rhyolitic airfall deposit can 
only be attained using multiple phases, a comprehensive geochemical account using 
chemical composition of apatite phenocrysts and melt inclusions in quartz phenocrysts 
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have been attempted in this study to establish a reliable geochemical fingerprint of the 
Millbrig K-bentonite.  
In order to fulfill the research goal the following approaches were taken: 
1. A reliable geochemical signature for the Millbrig K-bentonite was established using 
samples from eight different localities (Fig. 5.2). 
2. The chemical signature was compared with that of other K-bentonites of 
stratigraphically similar age from the same as well as different localities. 
3. The chemical signature was compared with that of the Hounsfield K-bentonite. 
 
5.3.1 Apatite and Melt Inclusion Chemistry of the Millbrig K-bentonite 
 
Millbrig K-bentonite samples were collected from eight localities (Fig. 5.2). 
These localities contain well-studied exposures of Middle and Upper Ordovician rocks 
and represent proximal parts of the Taconic foreland basin as well as the continental 
interior. The Millbrig K-bentonite is readily recognizable in all these localities, and its 
stratigraphic position is generally agreed upon. 
Samples from all localities yielded apatite phenocrysts (Fig. 5.4 A) and melt 
inclusions in quartz phenocrysts (Fig. 5.4 B). About 240 individual apatite phenocrysts 
extracted from K-bentonite samples from 8 localities, and 90 melt inclusions extracted 
from 6 of the 8 localities (melt inclusions from Hagan and St. Louis were not analyzed) 
were analyzed using electron microprobe analysis techniques discussed in Chapter 3.  
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Figure 5.4  Photomicrographs of (A) euhedral apatite phenocrysts and (B) multiple 
rhyolitic melt inclusions in quartz phenocryst. Apatites and melt inclusions were analyzed 
using electron microprobe analysis techniques discussed in Chapter 3. 
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5.3.1.1 Geochemical Signature of the Millbrig Apatites 
 
The following observations highlight the geochemical signature of the Millbrig 
apatites (data presented in Appendix V): 
 MnO vs. Cl and MnO vs. FeO compositional plots exhibit two conspicuously 
distinct compositional clusters (outlined in black) for the Millbrig apatites, a “high 
MnO” cluster and a “low MnO” cluster (Fig. 5.5). Apatites with higher MnO 
content exhibit a tighter Cl (Fig. 5.5A) and FeO (Fig. 5.5B) compositional ranges, 
while apatites with lower MnO content show a wider range in Cl and FeO 
compositions (Figures 5.5 A and B respectively), creating a distinctive chemical 
signature.  
 About 50% of the apatites from Shakertown, Hagan, and Daleville plot on the 
“high MnO” clusters, while the other 50% fall on the “low MnO” field. About 75-
80% of the apatites from Reedsville, Union Furnace and St. Louis plot on the 
"high MnO" cluster while the rest comprise the "low MnO" cluster (Fig. 5.5).  
 Apatites from Tazewell @ 11.6 m plot only on the "high MnO" cluster but do not 
fall on the "low MnO" field. 
 Apatites from the Catawba B-1 plot only on the "low MnO" cluster but do not fall 
on the "high MnO" cluster (Fig. 5.5).  
 The apatites from Catawba B-1 and Hagan, which fall within the "low MnO" 
compositional cluster, have wider Cl and FeO compositional range compared to 
all other apatites (Fig. 5.5).  
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Figure 5.5  Chemical compositions of apatites from the Millbrig K-bentonite from eight 
localities in the study area [each point represents a single analysis]. 
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 F vs. Cl compositional plot exhibits a negative correlation trend (highlighted by 
the solid black line in Fig. 5.6A). Apatites from Hagan and Catawba show a wider 
range in Cl composition. Hagan apatites also show a wide range in F composition. 
A majority of the samples show a tighter FCl compositional range. The high 
Cllow F portion of the compositional trend is dominated by apatites from 
Hagan and Catawba, while the low Clhigh F portion of the compositional trend 
is dominated by apatites from Shakertown. A few outliers comprise apatites from 
Hagan and Catawba. 
 MgO and FeO compositions of the Millbrig apatites recount a complex 
geochemical story. Two compositional trends (highlighted by the solid black 
lines) can be observed from the MgO-FeO plot (Fig. 5.6B). Both trend lines 
exhibit positive correlation for MgO vs. FeO composition of Millbrig apatites. 
More than 90% of the apatites analyzed define one compositional trend (Trend 1, 
Fig. 5.6B). Apatites from Catawba B-1, Hagan, Daleville, and Shakertown define 
the other (Trend 2, Fig. 5.6B) comprising less than 10% of the apatites analyzed. 
Apatite compositions in “Trend 1” ranges from low MgOlow FeO to high 
MgOhigh FeO. Apatites in “Trend 2” have higher Mg/Fe ratio and ranges from 
moderate MgOmoderate FeO to high MgOhigh FeO (Fig. 5.6B). 
 Apatites from all localities have identical SrO, Na2O, and SiO2 compositions 
except for a few outliers represented by apatites from Hagan and Shakertown 
(Fig. 5.6 C and D). SrO vs. Na2O (Fig. 5.6C) and SrO vs. SiO2 (Fig. 5.6D) plots 
do not show bi-modal compositional clustering or compositional trends, 
indicating less variability in apatite chemistry for these oxides.
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Figure 5.6  Chemical compositions of apatites from the Millbrig K-bentonite from eight 
localities in the study area [each point represents a single analysis]. 
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5.3.1.2 Geochemical Signature of the Millbrig Melt Inclusions 
 
The following observations highlight the geochemical signature of the Millbrig 
melt inclusions (geochemical data presented in Appendix VI): 
 CaO vs. MgO and CaO vs. FeO plots for the Millbrig melt inclusions exhibit two 
conspicuous compositional trends, highlighted by the solid black lines in Fig. 
5.7A and Fig. 5.7B respectively. The first trend in both plots is characterized by a 
gently sloping positive correlation trendline defined by ~87% of the melt 
inclusions analyzed (termed as "Trend 1", Fig. 5.7). The second trend in both 
plots is an almost vertical trendline defined by ~13% of the analyzed melt 
inclusions (termed as "Trend 2", Fig. 5.7). The second trend is defined mainly by 
melt inclusions from Reedsville B-4, and a few melt inclusions from Catawba B-
1, Shakertown and Daleville (Fig. 5.7). 
 Melt inclusions defining "Trend 1" contain higher CaO concentration than melt 
inclusions defining "Trend 2" in CaO-MgO and CaO-FeO plots. The CaO 
concentration of the "Trend 1" melt inclusions increases with increasing MgO and 
FeO concentrations in CaO-MgO and CaO-FeO plots respectively (Fig. 5.7). 
 Melt inclusions defining "Trend 2" exhibit an unchanged CaO concentration for a 
wide range of MgO and FeO concentrations in the CaO-MgO and the CaO-FeO 
plots respectively, creating an almost vertical trendline (Fig. 5.7). 
 The two trends observed in the CaO vs. MgO and the CaO vs. FeO plots 
converges at the low CaO-low MgO and low CaO-low FeO end of the respective 
diagrams (Fig. 5.7 A and B respectively). 
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Figure 5.7  Chemical compositions of melt inclusions from the Millbrig K-bentonite 
from six localities in the study area [each point represents a single analysis]. 
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 TiO2 vs. Cl compositional plot exhibits two compositional clusters outlined in 
black in Fig. 5.8A; a “high Cl” cluster defined by ~80% of the melt inclusions, 
and a “low Cl” cluster comprising ~20% of the melt inclusions (Fig. 5.8A). Melt 
inclusions that fall within the "high Cl" cluster show relatively small TiO2 
compositional range while the ones in the "low Cl" cluster exhibits a wider range 
in TiO2 concentrations. The "low Cl" cluster is defined mainly by melt inclusions 
from Reedsville B-4, and a few samples from Daleville, Union Furnace and 
Shakertown. 
 FeO vs. MnO plot indicates two compositional clusters (outlined in black in Fig. 
5.8B), a “high MnO” cluster defined by ~90% of the melt inclusions, and a “low 
MnO” cluster defined by ~10% of the melt inclusions (Fig. 5.8B). Melt inclusions 
in the second cluster, which are from Reedsville B-4, Catawba B-1, and 
Shakertown, exhibit almost unchanged MnO concentration for a wide range of 
FeO concentrations (Fig. 5.8B). The melt inclusions in the "low MnO" cluster of 
the FeO-MnO plot can also be interpreted to have two sub-clusters (outlined in 
brown), a “low FeO” sub-cluster and a “high FeO” sub-cluster (Fig. 5.8B). 
Considerable compositional gap exists between the two sub-clusters. 
 Na2O vs. K2O compositional plot indicates two compositional clusters (outlined 
in black); a high K2O cluster, composed of ~90% of the melt inclusions, and a 
low K2O cluster composed of ~10% of the melt inclusions defined mainly by 
samples from Reedsville B-4, Daleville, and Shakertown. Melt inclusions forming 
the low K2O cluster also exhibit lower Na2O concentrations (Fig 5.8C). 
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Figure 5.8  Chemical compositions of melt inclusions from the Millbrig K-bentonite 
from six localities in the study area [each point represents a single analysis]. 
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 TiO2 vs. MgO compositional plot exhibits a conspicuous compositional trend 
(highlighted by the solid black line in Fig. 5.9A) characterized by a positive 
correlation trendline. Melt inclusions from Reedsville B-4, Shakertown, and 
Catawba B-1 occupies the entire range of the compositional trend (i.e., low 
TiO2low MgO to high TiO2high MgO). Melt inclusions from Tazewell @ 
11.6 m and Daleville occupy the low to moderate TiO2low to moderate MgO 
portion of the compositional trend. Outliers comprise a few melt inclusions from 
Catawba B-1, Reedsville B-4, Union Furnace @ 23.2 m, and Tazewell @ 11.6 m 
(Fig. 5.9A). 
 TiO2 vs. MnO compositional plot reveals two compositional clusters (outlined in 
black), a “high MnO” cluster and a “low MnO” cluster (Fig. 5.9B). Most of the 
melt inclusions (~86%) fall within the "high MnO" compositional cluster with a 
few outliers from Catawba B-1 and Union Furnace @ 23.2 m. The "low MnO" 
cluster is defined by ~14% of the melt inclusions analyzed, with representation 
from Catawba B-1, Reedsville B-4, Tazewell @ 11.6 m, and Shakertown (Fig. 
5.9B).  
 The "low MnO" cluster of the TiO2 vs. MnO plot can also be interpreted to have 
two sub-clusters (outlined in green), a “low TiO2” sub-cluster and a “high TiO2” 
sub-cluster (Fig. 5.9B). There is a huge compositional gap between the "low 
TiO2" and the "high TiO2" sub-clusters within the "low MnO" cluster of the TiO2-
MnO plot for the Millbrig melt inclusions (Fig. 5.9B). The "low TiO2" sub-cluster 
is composed entirely of melt inclusions from Catawba B-1. 
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 Na2O vs. MnO and K2O vs. MnO plots also exhibit two compositional clusters; a 
“high MnO” cluster defined by ~86% of the melt inclusions, and a “low MnO” 
cluster defined by ~14% of the melt inclusions analyzed (outlined in black in Fig. 
5.9C and Fig. 5.9D respectively). 
 Melt inclusion defining the "high MnO" cluster of the Na2O-MnO and the K2O-
MnO plots, show moderate to high MnO and Na2O concentrations (in Na2O vs. 
MnO plot, Fig. 5.9C), and moderate to high MnO and K2O concentrations (in 
K2O vs. MnO plot, Fig. 5.9D). 
 Melt inclusions from Catawba B-1, Reedsville B-4 and Daleville defining the 
more complex "low MnO" cluster of the Na2O-MnO and the K2O-MnO plots, 
contain low to moderate MnO and low to high Na2O concentrations (Fig. 5.9C), 
and low to moderate MnO and low to high K2O concentrations (Fig. 5.9D).  
 In the "low MnO" cluster of the Na2O-MnO and the K2O-MnO plots, melt 
inclusions from Daleville have higher MnO and lower Na2O and K2O 
concentrations (Fig. 5.9C and Fig. 5.9D respectively). Melt inclusions from 
Catawba B-1 and Reedsville B-4, exhibit a wider range of Na2O and K2O 
concentrations while showing minor variation in MnO concentration (Fig. 5.9C 
and Fig. 5.9D respectively).  
 Based on these within-group variations, the "low MnO" cluster of the Na2O vs. 
MnO and K2O vs. MnO plots can be divided into two sub-clusters; a “high Na2O” 
and a “low Na2O” sub-cluster (outlined in orange in Fig. 5.9C), and a “high K2O” 
and a “low K2O” sub-cluster (outlined in blue in Fig. 5.9D).  
 157
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9  Chemical compositions of melt inclusions from the Millbrig K-bentonite 
from six localities in the study area [each point represents a single analysis]. 
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5.3.1.3 Discussion on the Millbrig Geochemical Signature 
 
It is evident from the sections 5.3.1.1 and 5.3.1.2 i.e., observations from the 
apatite and melt inclusion chemical variation diagrams, that the Millbrig K-bentonite has 
a complex geochemical signature. The observations are based on 8 out of 10 elements 
analyzed for each of the two phases e.g., apatites and melt inclusions in quartz. For 
apatites, CaO and P2O5 concentrations, and for melt inclusions, SiO2 and Al2O3 
concentrations were not used in the determination of the chemical signatures. These 
major element concentrations for the respective phenocryst and glass phases of a rhyolite, 
such as the Millbrig parent magma (Kolata et al., 1996), are very similar and not suitable 
for establishing chemical distinctions i.e., fingerprinting. 
Chemical compositions of 240 Millbrig apatites from eight localities (Fig. 5.2) 
reveal considerable similarities as well as noticeable variabilities exemplified by some 
conspicuous and some subtle compositional clustering and chemical trends. Apatites 
from the reported Millbrig Beds from Hagan and Catawba (B-1) seem to show the most 
within-bed chemical variability (Figs. 5.5, 5.6; section 5.3.1.1). Mn seems to be the 
element demonstrating most variability. Other elements indicative of compositional 
trends (a signature) and variability are Mg, Fe, Cl, and F.  
Emerson et al. (2001) identified Mg, Fe, Cl, and Mn as the most distinctive 
elements in defining the chemical fingerprint of the Millbrig apatites. This study, while 
agreeing with the findings of Emerson et al. (2001), adds F as another useful geochemical 
discriminator of Millbrig apatites. When paired with Cl in a variation diagram, F 
concentrations of Millbrig apatites exhibit a conspicuous compositional trend (Fig. 5.6A).  
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Simo et al. (2003) used Mn and Mg concentrations of apatite phenocrysts to 
discriminate Millbrig K-bentonite from closely spaced K-bentonites of similar age. Their 
study does not indicate any bimodality in Mn concentration for the Millbrig apatites. Mn 
compositional range reported by Simo et al. (2003) is identical to the "low MnO" 
compositional cluster reported in this study. The "high MnO" of Millbrig apatites, as 
observed in this study, is unique and never been reported in similar studies (Emerson et 
al., 2001; Simo et al., 2003). 
Chemical compositions of 90 melt inclusions from six localities (e.g., Reedsville 
and Union Furnace in central Pennsylvania; Daleville, and Catawba in Virginia; and 
Shakertown in central Kentucky; Fig. 5.2) reveal a complex geochemical signature 
ranging from subtle compositional clustering to subtle chemical trends indicating 
similarities and variabilities (Figs. 5.7, 5.8, 5.9; section 5.3.1.2). While melt inclusions 
from all localities show within-bed variability, the most unpredictable are from Catawba 
(B-1 K-bentonite) and Reedsville (B-4 K-bentonite). All of the 8 elements used to define 
the chemical signature e.g., Ca, Fe, Mg, Mn, Cl, Ti, K, and Na, if used in specific 
combination in XY-plots, show compositional clustering and chemical trends, and 
therefore, can be used in defining a chemical fingerprint of the Millbrig melt inclusions. 
In a recent study on melt inclusions in plagioclase phenocrysts, Fe, Ti, and Mg 
concentrations were used as the major discriminator of the Millbrig K-bentonite 
(Verhoeckx-Briggs et al., 2001). This study indicates the potential of five more elements 
e.g., Ca, Mn, Cl, K and Na, to be used as useful discriminator of the Millbrig melt 
inclusions in quartz phenocryst. 
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The two conspicuously distinct compositional trends demonstrated by Ca, Mg, 
and Fe concentrations in melt inclusions (Fig. 5.7 A and B), and two subtle yet noticeably 
distinct compositional trends demonstrated by Fe and Mg concentrations in apatites (Fig. 
5.6B), indicate that the Millbrig K-bentonite may have a complex origin. In addition, the 
conspicuous bi-modality exhibited by the Mn concentration in apatites (Fig. 5.5 A and 
B), and the more subtle bi-modality exhibited by the Cl, Mn, Na, and K concentrations in 
melt inclusions (Fig. 5.8 and Fig. 5.9 B, C, and D) corroborate the complex nature of the 
Millbrig Bed. 
The results of this study based on apatite and melt inclusion chemistry indicate 
that the Millbrig K-bentonite shows considerable within-bed chemical variabilities. These 
variations are conspicuous for certain elements and subtle, therefore, more obscure for 
others. The exact cause of these variabilities cannot be determined based on the data 
presented, however it can be hypothesized that these variabilities may reflect a 
combination of the complexities entailed in the physical processes (e.g., eruption, 
transportation, deposition, and preservation of airfall deposits originating from a complex 
magma chamber), as well as chemical and petrogenetic processes inherent to a rhyolitic 
magma chamber of such a scale.  
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5.3.2 Geochemical Comparison of the Millbrig, the Reedsville B-5 and the Tazewell @  
21.5 m K-bentonites 
 
The Reedsville B-5 and the Tazewell @ 21.5 m K-bentonites occur above the 
reported Millbrig K-bentonite stratigraphically at the respective outcrops (see Chapter 2 
for detailed descriptions of the stratigraphic sections). Adhya et al. (1999a) reported 
compositional similarities in apatites obtained from the Millbrig and these K-bentonites 
based on geochemical evidences. The following points make this observation an 
interesting problem: 
1. If these K-bentonites are equivalent to the Millbrig K-bentonite, Reedsville and 
Tazewell are the only two Ordovician sections within the study area where the 
Millbrig K-bentonite is divided into two separate K-bentonites spatially and 
temporally. In the Reedsville section the Millbrig signature occurs in both the 
Reedsville B-4 and Reedsville B-5 K-bentonites, and in Tazewell section the Millbrig 
signature occurs in both the Tazewell @ 11.6 m and Tazewell @ 21.5 m K-
bentonites. 
2. If these K-bentonites are equivalent to the Millbrig K-bentonite, then the K-bentonite 
could have been repeated in the same outcrop due to structural factors like faulting or 
thrusting. However, field evidences do not indicate the presence of any major fault or 
thrust that will be responsible for such occurrences. 
3. The Reedsville B-5 and the Tazewell @ 21.5 m K-bentonites could represent multiple 
closely timed episodes of a genetically related eruption, which in other localities were 
compacted diagenetically, and altered physically and chemically resulting in a single 
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thick K-bentonite horizon known as the Millbrig. In order for this to happen, the rate 
of sedimentation must have been extremely high between the depositions of these 
multiple ash layers. This assumption cannot be corroborated from field and 
stratigraphic evidences. Also, apatite phenocrysts collected from the uppermost and 
lowermost portions of 1 m thick Millbrig K-bentonite from Hagan had identical 
chemical signature indicating that the Millbrig eruption was probably a continuous 
non episodic eruption. 
4. The Reedsville B-5 and Tazewell @ 21.5 m K-bentonites are about 10 m above the 
reported Millbrig K-bentonite in the respective stratigraphic sections. The 10 m 
vertical distance in these sections stratigraphically represents a time equivalent that 
can be as high as 3.2 Ma (Kolata et al., 1998). If these K-bentonites are equivalent to 
the Millbrig K-bentonite and no stratigraphic or field evidence can explain the 10 m 
vertical separation, then it can be deducted that the Millbrig K-bentonite elsewhere is 
a reworked bed representing at least 3 Ma of lost records, and therefore, cannot be 
considered instantaneous. If true, this hypothesis will cast serious doubts on the utility 
of the Millbrig Bed for correlation and challenge all the existing stratigraphic 
frameworks based on Millbrig as a time plane. 
5. A conclusive find on the status of these two K-bentonites will confirm or contradict 
the above possibilities. 
In the next two sections, comparisons of the geochemical signatures of the 
Millbrig K-bentonite (section 5.3.1) with that of the Reedsville B-5 and the Tazewell @ 
21.5 m K-bentonites, based on apatite and melt inclusion chemistry, are presented.  
 163
5.3.2.1 Comparing Apatite Chemistry of the Millbrig, the Reedsville B-5 and the  
Tazewell @ 21.5 m K-bentonites 
 
It is a challenging task to extract an adequate number of well-preserved apatite 
phenocrysts suitable for electron microprobe analysis (EMA) from K-bentonites that 
occur within limestones as opposed to K-bentonites that occur within shales. The former 
scenario requires processing larger quantities (two to four times more) of K-bentonite 
samples, and more processing time per kilogram of samples. For example, K-bentonites 
that occur within limestones may need more washing time and may need to be processed 
with weak acid (dilute acetic acid), a process not necessary for K-bentonites that occur 
within shales (see Chapter 3 for details). 
Both Reedsville B-5 and Tazewell @ 21.5 m K-bentonites occur in limestones. 
About 2 kilograms of K-bentonite samples from Reedsville B-5 yielded numerous 
unweathered apatite phenocrysts, of which 40 were analyzed. About 3 kilograms of K-
bentonite samples from Tazewell @ 21.5 m samples yielded only 10 fresh apatites. Fifty 
apatite phenocrysts were hand picked for EMA after processing about 5 kg of K-
bentonites samples. In contrast, typically, less than one kg of K-bentonite samples that 
occur within shales yield similar number of fingerprintable apatite phenocrysts. 
The same XY plots that were used to describe the geochemical signature of the 
Millbrig apatites (section 5.3.1.1) were used to compare it with the chemical signatures of 
apatites from the Reedsville B-5 and the Tazewell @ 21.5 m K-bentonites. The 
assumption used in this section is, if the apatite chemistry matches with at least one of the 
Millbrig compositional clusters or trends for each XY plot, a match is established. 
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A thorough analysis of the geochemical data reveals the following observations 
(data presented in Appendix V): 
 MnO vs. Cl and MnO vs. FeO plots of the Reedsville B-5 apatites show two 
compositional groups (Fig. 5.10) identical to the ones shown by the Millbrig 
apatites in Fig. 5.5). About 25% of the Reedsville B-5 apatites fall within the 
"high MnO" field and the remaining 75% fall within the "low MnO" field (Fig. 
5.10) defined by the Millbrig apatites (section 5.3.1.1, Fig. 5.5).  
 It is interesting to note that 75% to 80% of the apatites from the reported Millbrig 
from Reedsville (i.e., Reedsville B-4) fall within the "high MnO" field and the 
remaining 25% to 20% fall within the "low MnO" field (Fig. 5.5). 
 MnO vs. Cl and MnO vs. FeO plots of the Tazewell @ 21.5 m apatites do not 
show the two conspicuous compositional groups exhibited by the Reedsville B-5 
apatites. Instead, the apatites from Tazewell @ 21.5 m fall only within the "low 
MnO" field (Fig. 5.10) defined by the Millbrig apatites (section 5.3.1.1, Fig. 5.5).  
 It is interesting to note that none of the apatites from the reported Millbrig from 
Tazewell (i.e., Tazewell @ 11.6 m) occupies the "low MnO" field. Apatites from 
Tazewell @ 11.6 m fall within the “high MnO” field (Fig 5.5) only. 
 MnO, Cl, and FeO compositions of the apatites discriminate the Tazewell @ 11.6 
m K-bentonite from the Tazewell @ 21.5 m K-bentonite. However, the 
geochemical data fails to differentiate the Millbrig K-bentonite from the 
Reedsville B-5 and the Tazewell @ 21.5 m K-bentonites, and fails to differentiate 
the Reedsville B-5 K-bentonite from the Tazewell @ 21.5 m K-bentonite 
definitively. 
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Figure 5.10  Comparison of apatite compositions of the Millbrig K-bentonite with that of 
the Reedsville B-5 and the Tazewell @ 21.5 m K-bentonites [each point represents a 
single analysis]. 
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 F vs. Cl compositions of apatites from the Reedsville B-5 and the Tazewell @ 
21.5 m K-bentonites exhibit similar negative correlation trend (Fig. 5.11A) as 
shown by the Millbrig apatites in Fig. 5.6A. Apatites from Reedsville B-5 exhibit 
larger F and Cl compositional ranges than that from Tazewell @ 21.5 m. 
 MgO and FeO compositions of Reedsville B-5 and Tazewell @ 21.5 m apatites 
exhibit similar positive correlation trends (Fig. 5.11B) as shown by the Millbrig 
apatites in Fig. 5.6B. About 96% of the apatites from both the K-bentonites fall on 
"Trend 1” and about 4% (2 individual apatites) on "Trend 2” (Fig. 5.11B). 
Apatites from Reedsville B-5 form a compositional trend identical to the Millbrig 
"Trend 1”. About 80% of the Tazewell @ 21.5 m apatites occupy the middle 
portion of the compositional "Trend 1” and about 20% occupy the high 
MgOhigh FeO portion of the compositional "Trend 2” (Fig. 5.11B).  
 Apatites from the Reedsville B-5 and the Tazewell @ 21.5 m K-bentonites show 
identical SrO, Na2O and SiO2 compositions as that of the apatites from the 
Millbrig K-bentonite. SrO vs. Na2O and SrO vs. SiO2 plots of Reedsville B-5 and 
Tazewell @ 21.5 m apatites do not show any compositional trend or any 
bimodality (Fig. 5.11 C and D). This lack of variability in SrO, Na2O and SiO2 
concentrations was also shown by the Millbrig apatites in Fig. 5.6 C and D.  
 F, MgO, SrO, Na2O and SiO2 compositions of apatites fail to differentiate the 
Reedsville B-5 and the Tazewell @ 21.5 m K-bentonite from each other and from 
the Millbrig K-bentonite. 
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Figure 5.11  Comparison of apatite compositions of the Millbrig K-bentonite with that of 
the Reedsville B-5 and the Tazewell @ 21.5 m K-bentonites [each point represents a 
single analysis]. 
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5.3.2.2 Comparing Melt Inclusion Chemistry of the Millbrig, the Reedsville B-5 and the  
Tazewell @ 21.5 m K-bentonites 
 
Melt inclusion-bearing quartz phenocrysts are relatively rare in K-bentonites 
preserved within limestones. Reedsville B-5 and Tazewell @ 21.5 m K-bentonites occur 
in limestones and show a dearth of melt inclusion-bearing quartz phenocrysts. About 2 
kilograms of Reedsville B-5 K-bentonite yielded about 10-15 melt inclusion-bearing 
quartz phenocrysts, of which 10 were found suitable for electron microprobe analysis. 
About 3 kilograms of the Tazewell @ 21.5 m K-bentonite yielded less than 10 quartz 
phenocrysts with melt inclusions, of which 7 were found suitable for this study.  
Reedsville B-5 and Tazewell @ 21.5 m K-bentonites did not yield enough melt 
inclusions to generate geochemical data suitable for a comprehensive understanding of 
the nature of the two eruptions. However, the high-precision analytical techniques used 
are sufficient to shed light on the chemical compositions of the melt inclusions from the 
two K-bentonites to test if these two K-bentonites are equivalent to the Millbrig K-
bentonite and to each other. 
The same XY plots that were used to describe the geochemical signature of the 
Millbrig melt inclusions (section 5.3.1.2) were utilized for comparing it with the chemical 
signatures of melt inclusions from the Reedsville B-5 and the Tazewell @ 21.5 m K-
bentonites. The assumption used in this section is, if the melt inclusion chemistry 
matches with at least one of the Millbrig compositional clusters or trends for each XY 
plot, a match is established. 
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A thorough analysis of the geochemical data reveals the following observations 
(data presented in Appendix VI): 
 CaO vs. MgO and CaO vs. FeO plots for Reedsville B-5 and Tazewell @ 21.5 m 
melt inclusions do not exhibit the 2 distinct compositional trends, as shown by the 
Millbrig melt inclusions in Fig. 5.7 of section 5.3.1.2 (Fig. 5.12). Melt inclusions 
from Tazewell @ 21.5 m exhibit greater CaO and MgO compositional range than 
that of the Millbrig, and greater CaO, MgO, and FeO compositional range than 
that of the Reedsville B-5 K-bentonites (Fig. 5.12). 
 The compositional trend defined by CaO vs. MgO concentrations of melt 
inclusions from Reedsville B-5 is identical to the Millbrig "Trend 1" (Fig. 5.12A). 
CaO-MgO compositional trend defined by Tazewell @ 21.5 m melt inclusions 
(highlighted by the broken gray line) is not equivalent to either of the Millbrig 
trends of Fig. 5.7A. The CaO-MgO trendline defined by the Tazewell @ 21.5 m 
melt inclusions exhibits a steeper slope than the Millbrig "Trend 1" and a gentler 
slope than the Millbrig “Trend 2” (Fig. 5.12A). 
 The compositional trend defined by CaO vs. FeO concentrations of the Reedsville 
B-5 and the Tazewell @ 21.5 m melt inclusions (Fig. 5.12B) is identical to the 
Millbrig "Trend 1" as seen in Fig. 5.7B of section 5.3.1.2. 
 CaO, MgO, and FeO compositions of the melt inclusions fail to differentiate 
between the Reedsville B-5 and the Millbrig K-bentonites. However, CaO vs. 
MgO compositional plot indicates that the Tazewell @ 21.5 m melt inclusions are 
notably different from the Millbrig and the Reedsville B-5 melt inclusions. 
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Figure 5.12  Comparison of melt inclusion compositions of the Millbrig K-bentonite 
with that of the Reedsville B-5 and the Tazewell @ 21.5 m K-bentonites [each point 
represents a single analysis]. 
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 Reedsville B-5 and Tazewell @ 21.5 m melt inclusions fall on the "high Cl" 
Millbrig compositional field (as seen in Fig. 5.8A, section 5.3.1.2) except for the 
two outliers from Tazewell @ 21.5 m on the TiO2 vs. Cl plot (Fig. 5.13A). None 
of the melt inclusions fall on the "low Cl" Millbrig compositional field (Fig. 
5.13B). 
 TiO2 vs. Cl compositional plot indicates that Reedsville B-5 melt inclusions are 
identical to the "high Cl" ” melt inclusions of the Millbrig. However, the Tazewell 
@ 21.5 m melt inclusions have a more complex chemistry evident from the two 
outliers that are similar to each other compositionally, but strikingly different 
from the Millbrig, the Reedsville B-5, and the rest of the Tazewell @ 21.5 m melt 
inclusions (Fig. 5.13 A and B). 
 TiO2 vs. Cl plot fails to differentiate the Millbrig melt inclusions from the 
Reedsville B-5 and the Tazewell @ 21.5 m melt inclusions, but indicates that the 
Tazewell @ 21.5 m melt inclusions have more complex geochemistry than that of 
either of the two. 
 Almost all of Reedsville B-5 and Tazewell @ 21.5 m melt inclusions fall within 
the “high K2O” Millbrig compositional field of the Na2O vs. K2O plot (Fig. 5.8C, 
section 5.3.1.2) except for the two outliers from the Tazewell @ 21.5 m (Fig. 5.13 
C). None of the melt inclusions falls on the "low K2O" field of the Millbrig 
signature (Fig. 5.8C and Fig. 5.13 C). 
 Na2O vs. K2O compositional plot indicates that Reedsville B-5 and Tazewell @ 
21.5 m melt inclusions are similar to the “high K2O” melt inclusions of the 
Millbrig. It also indicates that Tazewell @ 21.5 m melt inclusions have a complex 
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chemistry based on the radically different compositions of the outliers (Fig. 5.13 
C). Na2O vs. K2O plot fails to differentiate the Millbrig from the Reedsville B-5 
and the Tazewell @ 21.5 m, but indicates that the Tazewell @ 21.5 m melt 
inclusions have more complex geochemistry than that of either of the two. 
 FeO vs. MnO concentrations of the melt inclusions exhibit two important 
distinctions: 
1. Reedsville B-5 melt inclusions form a cluster, which is not identical to either of 
the two Millbrig clusters observed (Fig. 5.13 D). The Reedsville B-5 
compositional cluster overlaps both the “high MnO” and the “low MnO” Millbrig 
clusters (Fig. 5.8 B). However, the shape and size of the Reedsville B-5 cluster 
(outlined in gray) is notably different from that of the two Millbrig clusters. It is 
also notable that the melt inclusions, which fall within the "low MnO" Millbrig 
cluster, occupy the “compositional gap” observed in Fig. 5.8B, section 5.3.1.2.  
2. Tazewell @ 21.5 m melt inclusions are unpredictable compositionally as some 
fall within the “high MnO” Millbrig cluster, some within the “low MnO Millbrig 
cluster”, while some do not fall on either of the two clusters (Fig. 5.13 D). In 
addition, Tazewell @ 21.5 m and Reedsville B-5 melt inclusions are remarkably 
different from each other in composition as none of the former falls within the 
compositional cluster defined by the latter (Fig. 5.13 D). 
 FeO vs. MnO compositional plot differentiates the Reedsville B-5 melt inclusions 
from the Tazewell @ 21.5 m melt inclusions distinctly. In addition, the FeO vs. 
MnO plot differentiates the Millbrig melt inclusions from the Reedsville B-5 and 
the Tazewell @ 21.5 m melt inclusions successfully. 
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Figure 5.13  Comparison of melt inclusion compositions of the Millbrig K-bentonite 
with that of the Reedsville B-5 and the Tazewell @ 21.5 m K-bentonites [each point 
represents a single analysis]. 
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 Reedsville B-5 and Tazewell @ 21.5 m melt inclusions show conspicuous 
compositional trends in the TiO2 vs. MgO plot (highlighted by a solid gray line 
and a broken gray line respectively in Fig. 5.14A). However, none of the trends is 
identical to the Millbrig trend (highlighted by the solid black line in Figures 5.9A 
and 5.14A).  
 The Millbrig TiO2-MgO trend (solid black line) exhibits a gentler slope than the 
Tazewell @ 21.5 m trend (broken gray line) but a steeper slope than the 
Reedsville B-5 trend (solid gray line) (Fig. 5.14A). Reedsville B-5 trend exhibits 
significantly gentler slope than the Tazewell @ 21.5 m trend (Fig. 5.14A). 
 The TiO2 vs. MgO compositional plot differentiates the Millbrig melt inclusions 
from the Reedsville B-5 and the Tazewell @ 21.5 m melt inclusions successfully. 
In addition, the oxide pair indicates that Reedsville B-5 melt inclusions are 
different from the Tazewell @ 21.5 m melt inclusions compositionally.  
 In the TiO2 vs. MnO compositional plot, Reedsville B-5 melt inclusions form a 
compositional cluster (outlined in gray) that overlaps the lower portion of the 
“high MnO” Millbrig cluster (outlined in black), and the middle portion of the 
“low MnO” Millbrig clusters (outlined in black) (Fig. 5.14B). The shape and size 
of the Reedsville B-5 cluster is different from that of the Millbrig clusters notably. 
Some Tazewell @ 21.5 m melt inclusions fall within the “high MnO” Millbrig 
clusters, some within the “low MnO” Millbrig clusters, while some do not fall 
within any of the two Millbrig clusters (Fig. 5.14B). The Reedsville B-5 and the 
Tazewell @ 21.5 m melt inclusions that fall within the “low MnO” Millbrig 
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cluster occupy the “compositional gap” between the two sub-clusters (green 
outlines) (Fig. 5.14B). 
 The TiO2 vs. MnO compositional plot differentiates the Millbrig melt inclusions 
from the Reedsville B-5 and the Tazewell @ 21.5 m melt inclusions. In addition, 
the oxide pair indicates that Reedsville B-5 melt inclusions are different from the 
Tazewell @ 21.5 m melt inclusions compositionally, which exhibit significant 
variability in TiO2 and MnO concentrations. 
 In Na2O vs. MnO (Fig. 5.14C) and K2O vs. MnO (Fig. 5.14D) plots, Reedsville 
B-5 melt inclusions form a compositional cluster (outlined in gray) that overlaps 
the lower portion of the “high MnO” Millbrig cluster (oval in shape, outlined in 
black). The cluster (outlined in gray) also overlaps the middle portion of the “low 
MnO” Millbrig clusters in the Na2O vs. MnO plot (irregular in shape, outlined in 
black in Fig. 5.14C) and the high K2O portion of the Millbrig “low MnO” clusters 
in the K2O vs. MnO plot (irregular in shape, outlined in black in Fig. 5.14D). The 
shape and size of the Reedsville B-5 cluster is different from that of the Millbrig 
clusters notably. In addition, the Reedsville B-5 melt inclusions that fall within 
the “low MnO” Millbrig compositional cluster are restricted within the “high 
Na2O” sub-cluster and the “high K2O” sub-cluster (Fig. 5.14 C and D 
respectively). 
 Na2O vs. MnO (Fig. 5.14C) and K2O vs. MnO (Fig. 5.14D) plots exhibit the same 
unpredictability for Tazewell @ 21.5 m melt inclusions as seen in other plots. 
Some of the melt inclusions fall within the “high MnO” Millbrig compositional 
cluster (oval in shape, outlined in black), some within the “low MnO” Millbrig 
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compositional cluster (irregular in shape, outlined in black), and some outside the 
range of the two Millbrig compositional fields (Fig. 5.14 C and D). The Tazewell 
@ 21.5 m melt inclusions that fall within the “low MnO” Millbrig compositional 
cluster (with irregular outline) occupy the “high Na2O” sub-cluster and the “high 
K2O” sub-cluster (Fig. 5.14 C and D respectively). 
 Na2O vs. MnO and K2O vs. MnO plots differentiate the Reedsville B-5 melt 
inclusions from the Tazewell @ 21.5 m melt inclusions distinctly; however, the 
oxide plots fail to discriminate the Millbrig melt inclusions with the Reedsville B-
5 melt inclusions unequivocally. The relationship between the Millbrig melt 
inclusions and the Tazewell @ 21.5 m melt inclusions is undeterminable using 
Na2O vs. MnO and K2O vs. MnO plots because of the significant compositional 
variability exhibited by the latter corroborating its complex chemistry. 
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Figure 5.14  Comparison of melt inclusion compositions of the Millbrig K-bentonite 
with that of the Reedsville B-5 and the Tazewell @ 21.5 m K-bentonites [each point 
represents a single analysis]. 
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5.3.2.3 Discussion on the Geochemical Comparison of the Millbrig, the Reedsville  
B-5 and the Tazewell @ 21.5 m K-bentonites 
 
The observations from the apatite and melt inclusion chemical variation diagrams 
(sections 5.3.2.1 and 5.3.2.2) for the Reedsville B-5 and the Tazewell @ 21.5 m K-
bentonites, the K-bentonites that occur above the Millbrig K-bentonite at the respective 
stratigraphic sections, show conflicting results. The apatite chemical signature fails to 
differentiate the two K-bentonites from the Millbrig K-bentonite, and from each other. 
However, the melt inclusion chemical signature differentiates the two K-bentonites from 
the Millbrig, and indicates that significant chemical differences exist between the two K-
bentonites. 
In section 5.3.1, it was seen that the Millbrig K-bentonite shows significant 
within-bed variabilities evident from more than one conspicuous compositional clusters 
and chemical trends in XY variation diagrams of its apatite and melt inclusion chemistry. 
The assumption used in this section was, if the apatite and melt inclusion chemistry of the 
Reedsville B-5 and the Tazewell @ 21.5 m K-bentonites matches with at least one of the 
Millbrig compositional clusters or trends for each XY plot, a match is established. 
Based on the above assumption, apatite compositions failed to discriminate the 
Millbrig K-bentonite from the Reedsville B-5 and the Tazewell @ 21.5 m K-bentonites 
since the apatite chemistry of the latter matched with at least one of the Millbrig apatite 
compositional clusters or trends for each XY plot. Although the Mn, Fe, and Mg 
concentrations of the apatites from the Reedsville B-5 and the Tazewell @ 21.5 m K-
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bentonites displayed some variations (Fig. 5.10 and Fig. 5.11B), they were not enough to 
differentiate the two K-bentonites from each other definitively. 
Melt inclusions chemistry illustrates that the Millbrig K-bentonite is not 
equivalent to either the Reedsville B-5 or the Tazewell @ 21.5 m K-bentonites. In 
addition, the melt inclusion chemistry differentiates the two K-bentonites from each other 
definitively. The most distinctive elements demonstrating these discriminations are Mg 
and Mn. When Mg concentration of melt inclusions was plotted against the Ca and Ti 
concentrations, conspicuous distinctions were observed (Fig. 5.12A and Fig. 5.14A 
respectively). Similarly, subtle yet definitive differences were observed when Mn 
concentration of melt inclusions was plotted against Fe, Ti, Na, and K (Fig 5.13D, and 
Figs. 5.14 B, C and D respectively). 
The discrepancies between the results obtained from the apatite and melt 
inclusion data reiterates the importance of the approach of this study  a reliable 
chemical fingerprint for a complex rhyolitic airfall deposit can only be attained using 
multiple phases. Dependence on the apatite chemistry only would have resulted in 
fortuitous chemical correlation among the Millbrig K-bentonite, the Reedsville B-5, and 
the Tazewell @ 21.5 m K-bentonites. Using melt inclusion chemistry along with the 
apatite chemistry eliminates the erroneous chemical correlation.  
This section demonstrates that the chemical signature of the Millbrig K-bentonite, 
based on apatite and melt inclusion chemistry when used in conjunction, is an extremely 
reliable tool for testing its chemical correlation with K-bentonites of stratigraphically 
similar age from same localities (stratigraphic sections). 
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5.3.3 Geochemical Comparison of the Millbrig and the Hounsfield K-bentonites 
 
Kay (1931) considered the relatively thin Mohawkian succession exposed in the 
Dexter Quarry section, New York (Fig. 5.3), to lie within the middle part of his 
Chaumont Formation (Fig. 5.15). Kay named the irregular, 1-2 cm thick K-bentonite that 
is present about 2 m above the base of this section the “Hounsfield Metabentonite” and 
correlated the K-bentonite-bearing interval with the Glenburnie Shale of the Kingston, 
Ontario region (Fig. 5.15). In addition, Kay (1931) suggested a correlation between his 
“Hounsfield Metabentonite” with the Millbrig K-bentonite in the Spechts Ferry Member 
of Decorah Formation in the Upper Mississippi Valley (Kay, 1929). 
Subsequently, Kay (1935) revised his interpretation of the stratigraphic relations 
and indicated that the Hounsfield K-bentonite is located in the Rockland Formation — in 
a part of this unit that is now recognized as the Selby Formation (Fig. 5.15). Most authors 
(e.g. Cameron and Mangion, 1977; Conkin, 1991; Fisher, 1977; Johnsen, 1971; Kay, 
1935, 1968; Melchin et al., 1994; Salad Hersi and Dix, 1997; Schopf, 1966) include this 
as the basal unit of the Trenton Group. 
Kay’s (1935) revision nullified his previously (Kay, 1931) suggested correlation 
between the Hounsfield and the Millbrig K-bentonites. Subsequent studies by Conkin 
(1990, 1991) and Schirnick (1990) reiterated Kay’s (1931) correlation. However, lack of 
a definitive test (e.g., high-precision geochemical data) prompted most subsequent 
authors to disregard this correlation (Kolata et al., 1996). As a result, the status of the 
Hounsfield-Millbrig correlation remained undetermined. 
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Figure 5.15  Correlation chart showing (from left to right): North American stages, 
conodont chronozones (Sweet, 1984, 1988), the lithostratigraphic nomenclature for the 
study interval in: 1) the study region of New York State at the time when the Hounsfield 
K-bentonite was described (Kay, 1931), and 2) the usage employed here for New York 
(adapted from Cameron and Mangion, 1977). Two arrows identify the stratigraphic 
position of the Hounsfield K-bentonite (upper arrow, Mitchell personal communication) 
and Kay’s (1931) suggested location (lower arrow) at the level of the Glenburnie Shale. 
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Biostratigraphic data from the Dexter Quarry section are limited. Schopf (1966) 
sampled the quarry and the adjacent roadside exposures for conodonts and Hart (1986) 
described chitinozoans from those samples. The data suggest that the rocks at this locality 
are referable to the Phragmodus undatus Chronozone (Sweet, 1984, 1988) of the 
uppermost Turinian through lower Chatfieldian stages (Leslie and Bergström, 1995, 
1997). The Selby conodont fauna is strikingly similar to that in the Curdsville Member of 
the Lexington Limestone of Kentucky (Bergström and Sweet, 1966), which overlies the 
Millbrig K-bentonite. This observation reopens the Hounsfield-Millbrig correlation case, 
and necessitates another look at the 70-year old debate. 
In the next two sections, comparisons of the geochemical signatures of the 
Millbrig and the Hounsfield K-bentonites based on apatite and melt inclusion chemistry 
are presented. All geochemical data were obtained using identical electron microprobe 
analysis (EMA) techniques under similar laboratory conditions (see Chapter 3 for 
details). 
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5.3.3.1 Comparing Apatite Chemistry of the Millbrig and the Hounsfield K-bentonites 
 
24 apatite phenocrysts from the Hounsfield K-bentonite collected from the type 
locality (Dexter Quarry, see Chapter 2 for details) were analyzed using EMA techniques. 
The same XY plots that were used to describe the geochemical signature of Millbrig 
apatites (section 5.3.1.1) were utilized for comparing it with the chemical signature of 
apatites from the Hounsfield K-bentonite. The assumption used in this section is, if the 
apatite chemistry matches with at least one of the Millbrig compositional clusters or 
trends for each XY plot, a match is established. 
A thorough analysis of the geochemical data reveals the following observations 
(data presented in Appendix V): 
 MnO vs. Cl and MnO vs. FeO compositional plots for the apatite phenocrysts 
from Hounsfield exhibit two compositional clusters (Fig. 5.16) similar to that of 
the Millbrig as seen in Fig. 5.5 (section 5.3.1.1). 
 About 67% of the Hounsfield apatites fall within the “high MnO” Millbrig field 
while the remaining 33% fall within the “low MnO” Millbrig field in both plots 
(Fig. 5.16). 
 The apatites that fall on the “low MnO” Millbrig field, do not show the wide 
range in Cl (Fig. 5.16A) and FeO (Fig. 5.16B) concentrations as shown by some 
Millbrig apatites defining this field (Fig. 5.5). 
 The Hounsfield and the Millbrig apatites are indistinguishable based on MnO vs. 
Cl and MnO vs. FeO concentrations. 
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Figure 5.16  Comparison of apatite compositions of the Millbrig and the Hounsfield K-
bentonites [each point represents a single analysis]. 
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 The F vs. Cl compositional plot for the Hounsfield apatites exhibits a similar 
negative correlation trend (Fig. 5.17A) to that shown by the Millbrig apatites (Fig. 
5.6A). However, the Hounsfield apatites fall on the “high F-low Cl” end of the 
compositional trend. 
 The Hounsfield and the Millbrig apatites are indistinguishable based on F vs. Cl 
compositional plot. 
 MgO vs. FeO plot for the Hounsfield apatites exhibits conspicuous positive 
correlation trend (Fig. 5.17B). However, the apatites do not show two 
compositional trends as shown by the Millbrig apatites (Fig. 5.6B). About 92% of 
the Hounsfield apatites, fall on the Millbrig “Trend 1” (Fig. 5.17B). The rest of 
the Hounsfield apatites (~8%), with low MgO and low FeO concentrations, plot 
as outliers (Fig. 5.17B). 
 The Hounsfield and the Millbrig apatites are indistinguishable based on MgO vs. 
FeO compositional plot. 
 Apatites from the Hounsfield and the Millbrig K-bentonites show identical SrO, 
Na2O and SiO2 compositions. SrO vs. Na2O and SrO vs. SiO2 plots for the 
Hounsfield apatites do not show any compositional trend or any bimodality (Fig. 
5.17 C and D). This lack of variability in SrO, Na2O and SiO2 chemistry was also 
shown by most Millbrig apatites (Fig. 5.6 C and D).  
 The Hounsfield and the Millbrig apatites are indistinguishable based on SrO vs. 
Na2O and SrO vs. SiO2 concentrations. 
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Figure 5.17  Comparison of apatite compositions of the Millbrig and the Hounsfield K-
bentonites [each point represents a single analysis]. 
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5.3.3.2 Comparing Melt Inclusion Chemistry of the Millbrig and the Hounsfield 
K-bentonites 
 
The Hounsfield K-bentonite occurs within the Selby Limestone (Fig. 5.15; see 
Chapter 2 for stratigraphic section). As with the other K-bentonites occurring within 
limestones, Hounsfield K-bentonite yielded a small number of melt inclusion-bearing 
quartz phenocrysts of which, 11 melt inclusions from the Hounsfield K-bentonite were 
analyzed using EMA techniques. The same XY plots that were used to describe the 
geochemical signature of Millbrig melt inclusions (section 5.3.1.2) were utilized for 
comparing it with the chemical signature of melt inclusions from the Hounsfield K-
bentonites. The assumption used in this section is, if the melt inclusion chemistry 
matches with at least one of the Millbrig compositional clusters or trends for each XY 
plot, a match is established. A thorough analysis of the geochemical data reveals the 
following observations (data presented in Appendix VI): 
 CaO vs. MgO and CaO vs. FeO plots for the Hounsfield melt inclusions exhibit 
distinct compositional trends (Fig. 5.18) similar to that shown by the Millbrig 
melt inclusions in Fig. 5.7 of section 5.3.1.2. About 91% of the melt inclusions 
from the Hounsfield K-bentonite fall on the Millbrig “Trend 1” and only 9% (one 
melt inclusion) fall on Millbrig “Trend 2” (Fig. 5.18). This characteristic is in 
accord with the chemical signature revealed by CaO vs. MgO and CaO vs. FeO 
compositional plots for the Millbrig melt inclusions (section 5.3.1.2, Fig. 5.7). 
 The Hounsfield and the Millbrig melt inclusions are indistinguishable based on 
CaO vs. MgO and CaO vs. FeO concentrations. 
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Figure 5.18  Comparison of melt inclusion compositions of the Millbrig and the 
Hounsfield K-bentonites [each point represents a single analysis]. 
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 The TiO2 vs. Cl plot for the Hounsfield melt inclusions exhibit the two distinct 
compositional clusters (Fig. 5.19A) as shown by the Millbrig melt inclusions in 
Fig. 5.8A (section 5.3.1.2). About 80% of the Hounsfield melt inclusions fall on 
the “high Cl” Millbrig compositional field, and about 20% fall on the “low Cl” 
field (Fig. 5.19A). This chemical characteristic is identical to the chemical 
signature unveiled by the TiO2 vs. Cl plot for the Millbrig melt inclusions (section 
5.3.1.2, Fig. 5.8A). 
 FeO vs. MnO concentrations of the Hounsfield melt inclusions exhibit a 
compositional clustering identical to the “high MnO” field defined by the Millbrig 
melt inclusions in Fig. 5.8B (Fig. 5.19B). It is interesting to note that none of the 
Hounsfield melt inclusions falls on the “low MnO” compositional field defined by 
the Millbrig melt inclusions (Fig. 5.19B). 
 The Na2O vs. K2O plot for the Hounsfield melt inclusions exhibits two 
compositional clusters much like the Millbrig melt inclusions in Fig. 5.8C (Fig. 
5.19C). However, unlike the 90% “high K2O” to 10% “low K2O” distribution of 
the Millbrig melt inclusions (section 5.3.1.2, Fig. 5.8C), 55% of the Hounsfield 
melt inclusions fall on the “high K2O” field, 36% on the “low K2O” field, and 9% 
(i.e., one melt inclusion) of the Hounsfield melt inclusions plot as outlier (Fig. 
5.19C). 
 The Hounsfield and the Millbrig melt inclusions are indistinguishable based on 
TiO2 vs. Cl , FeO vs. MnO, and Na2O vs. K2O concentrations. 
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Figure 5.19  Comparison of melt inclusion compositions of the Millbrig and the 
Hounsfield K-bentonites [each point represents a single analysis]. 
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 Melt inclusions from the Hounsfield K-bentonite plot on the Millbrig 
compositional trend, excepting a few outliers, in the TiO2 vs. MgO plot (Fig. 
5.20A). Most of the Hounsfield melt inclusions occupy the “low to moderate 
TiO2low to moderate MgO” portion of the compositional trend. It is to be noted 
that a majority (about 90%) of the Millbrig melt inclusions also plot on this 
portion of the trend (section 5.3.1.2, Fig. 5.9A). 
 The Hounsfield and the Millbrig melt inclusions are indistinguishable based on 
TiO2 vs. MgO compositional plot. 
 In the TiO2 vs. MnO (Fig. 5.20B) and the K2O vs. MnO (Fig. 5.20D) 
compositional plots, the Hounsfield melt inclusions form a compositional cluster 
identical to the “high MnO” field defined by the Millbrig melt inclusions in Fig. 
5.9 B and Fig. 5.9D respectively. None of the Hounsfield melt inclusions fall on 
the “low MnO” compositional field defined by the Millbrig melt inclusions in 
either of the two plots (i.e., Fig. 5.20 B and D). 
 In the Na2O vs. MnO compositional plot, the Hounsfield melt inclusions exhibit 
two compositional clusters (Fig. 5.20C) similar to that shown by the Millbrig melt 
inclusions in Fig. 5.9C. About 73% of the Hounsfield melt inclusions fall on the 
“high MnO” Millbrig compositional field, about 18% fall on the “low MnO” 
field, and 9% (one melt inclusion) plot as outlier (Fig. 5.20C). The Hounsfield 
melt inclusions that fall on the “low MnO” Millbrig field occupy the “low Na2O” 
sub-field (Fig. 5.20C). 
 The Hounsfield and the Millbrig melt inclusions are indistinguishable based on 
TiO2 vs. MnO, Na2O vs. MnO, and K2O vs. MnO concentrations. 
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Figure 5.20  Comparison of melt inclusion compositions of the Millbrig and the 
Hounsfield K-bentonites [each point represents a single analysis].
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5.3.3.3 Discussion on the Geochemical Comparison of the Millbrig and the Hounsfield 
K-bentonites 
 
The observations from the chemical variation diagrams comparing the apatite and 
melt inclusion chemical signatures of the Hounsfield and the Millbrig K-bentonites show 
consistent results. Apatite as well as melt inclusion chemical signatures fail to 
differentiate the two K-bentonites from each other (sections 5.3.3.1 and 5.3.3.2). The 
identical apatite and melt inclusion chemistry suggests that the two K-bentonites are 
results of the same volcanic eruption preserved in time, and confirms a geochemical 
correlation between the two. 
In section 5.3.2, it was seen that although the apatite chemistry failed to 
differentiate the Millbrig K-bentonite with the Tazewell @ 21.5 and the Reedsville B-5 
K-bentonites, the melt inclusion chemistry showed conspicuous chemical distinctions to 
nullify a correlation. In the case of Millbrig vs. Hounsfield, all the elements analyzed for 
apatites as well as melt inclusions indicate a confidant match (correlation).  
In some cases with melt inclusions, Hounsfield melt inclusions do not fall on the 
"low MnO" compositional cluster in the FeO vs. MnO plot (Fig. 5.19B), in the TiO2 vs. 
MnO (Fig. 5.20B) and in the K2O vs. MnO plots (Fig. 5.20D). It was also observed that 
Hounsfield melt inclusions do not fall on the "high Na2O" sub-clusters in the Na2O vs. 
MnO plot (Fig. 5.20C). These observations should not cast any doubt on the Millbrig-
Hounsfield correlation because the compositional clusters in question are not true 
representative of the Millbrig signature since these are created by les than 10% of the 
Millbrig melt inclusions. 
 194
CHAPTER 6 
FINGERPRINTING AND CORRELATING THE UPPER MIDDLE 
ORDOVICIAN K-BENTONITES  
 
6.1 INTRODUCTION 
 
In the 1990's, novel approaches using innovative geochemical correlation 
techniques (Delano et al., 1994; Samson et al., 1995) initiated a series of research studies 
in the Mohawk Valley, NY. New collaborative efforts between the geochemists and the 
stratigraphers resulted in a more precise chronostratigraphic correlation scheme for the 
upper Middle Ordovician rocks in the Mohawk Valley, NY based on K-bentonite 
isochrons, biostratigraphic and sequence stratigraphic data (Baird and Brett, 2002; 
Goldman et al., 1994, 1997; Joy et al., 2000; Lehmann et al., 1995; Mitchell et al., 1994, 
2004). 
Most of these existing K-bentonite isochrons are based on correlation obtained 
through melt inclusion chemistry, which is a well-established stratigraphic tool (Delano 
et al., 1994; Goldman et al., 1994, 1997; Mitchell et al., 1994). Samson et al. (1995) 
published their results on apatite chemistry-based correlation for some key Mohawk 
Valley K-bentonites. However, no significant research has been conducted, before this 
study, to test the utility of apatite chemistry in regional correlation of K-bentonites in the 
Taconic foreland basin. In this chapter, melt inclusion chemistry- as well as apatite 
chemistry-based K-bentonite isochrons from the study area (see Chapter 2) are discussed. 
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6.2 RESEARCH GOAL 
 
This research was aimed at expanding the existing chronostratigraphic correlation 
scheme for the upper Middle Ordovician rocks from the Mohawk Valley, NY through the 
Taconic foreland basin using chemical compositions of apatite phenocrysts and melt 
inclusions in quartz phenocrysts extracted from the K-bentonite samples from the study 
area (Chapter 2, Fig. 2.1). In this study, the following hypotheses would be tested: 
1. Upper Middle Ordovician K-bentonite beds from the Mohawk Valley, NY have their 
chemical equivalents within the Ordovician rocks from the Taconic foreland basin 
exposed in other localities in eastern US. 
2. Upper Middle Ordovician rocks from the Mohawk Valley, NY and other localities 
from the Taconic foreland basin can be correlated independently based on 
geochemical correlation of K-bentonites. 
3. Apatite as well as melt inclusion chemistry can be utilized as tools for establishing 
regional correlation by delineating K-bentonite isochrons throughout the upper 
Middle Ordovician rocks of eastern United States. 
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6.3 ESTABLISHING CHEMICAL EQUIVALENCE 
 
In order to reach the research goal, the following steps were taken on all K-
bentonites that yielded melt inclusion-bearing quartz as well as apatite phenocrysts: 
1. Apatite phenocrysts and melt inclusions in quartz phenocrysts were analyzed using 
high precision EMA techniques (see Chapter 3 for detailed procedures) from all K-
bentonites that were studied. 
2. Apatite phenocrysts (if present) from some of the key Mohawk Valley K-bentonites, 
those already have well known melt inclusion chemical fingerprints, were analyzed to 
establish their apatite chemical signatures. 
3. TiO2 and Cl compositions of melt inclusions for all K-bentonites were plotted on the 
TiO2 vs. Cl XY plot (Fig. 6.1) for comparison (see section 6.4). 
4. If the melt inclusion data plot on any of the previously-established compositional 
clusters (boxes in Figure 6.1), a potential match was conjectured and the melt 
inclusion data were further examined using other elements/oxides to establish a 
match.  
5. If no potential match was observed, yet the melt inclusion data formed unique 
compositional clusters or patterns on the TiO2-Cl plot, a new fingerprint was 
conjectured.  
6. Apatite geochemical data of the same K-bentonites, if available, were examined to 
ascertain a chemical equivalence, or to establish a chemical signature, and to test if 
apatite chemistry can be used as a tool for regional correlation of K-bentonites in the 
Taconic foreland basin (see detailed comparative analysis in section 6.5). 
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It was noted that some K-bentonites did not yield any fingerprintable phase (either 
melt inclusions or apatites); some did not yield apatite phenocrysts but contained melt 
inclusion-bearing quartz phenocrysts; and some did not yield melt inclusion-bearing 
quartz phenocrysts but contained fingerprintable apatite phenocrysts (see Appendix VII). 
Three approaches were taken to resolve these issues: 
1. K-bentonites that did not yield any fingerprintable phase were not studied further. 
2. K-bentonites that did not yield apatites but yielded melt inclusion-bearing quartz 
phenocrysts were studied using the steps discussed at the beginning of section 6.3. 
Melt inclusions were analyzed and the data were compared with that of the Mohawk 
Valley K-bentonites listed in Appendix VIII (see detailed comparative analysis in 
section 6.4). 
3. The following steps were taken on K-bentonites that did not yield melt inclusions but 
yielded apatite phenocrysts (see detailed comparative analysis in section 6.5):  
a. Apatite phenocrysts were extracted and analyzed (using EMA techniques 
discussed in Chapter 3). 
b. A comparative graphical analysis (XY plots) of all apatite data collected 
during the course of this study was conducted to identify potential matches. 
c. If a potential match was observed within a small compositional range or 
pattern, the data were further examined to establish a definitive correlation. 
d. If no potential match was observed, yet the chemical composition was unique, 
a new fingerprint was conjectured.  
e. If no potential match was observed and the data was too wide-ranging, it was 
considered a bad fingerprint, unusable for correlation. 
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Figure 6.1  Comparison of melt inclusion compositions from upper Middle Ordovician 
K-bentonites from the Mohawk Valley, New York. The compositional clusters 
correspond to the fingerprinted and correlated K-bentonites (Table 6.1). Numerical values 
within or adjacent to the compositional clusters (boxes) indicate the number of data 
(individual melt inclusion analyses) constituting the compositional cluster (modified after 
Mitchell et al., 1994). Please refer to Table 6.1 for identification of K-bentonites within 
the compositional clusters labeled A through Q. [Note: Information about K-bentonite 
samples and geochemical data was provided by John Delano]. 
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Table 6.1  K-bentonites representing the TiO2-Cl melt inclusion compositional clusters 
(boxes) as shown in Fig. 6.1 (Information provided by John Delano). 
Cluster Number of Data Corresponding K-bentonites 
A 79 Chuctanunda ‘B’ @ 37.2 m, Canajoharie @ 55.2 m 
B 8 Canajoharie @ 26.7 m 
C 68 Flat @ 70.0 m, Canajoharie @ 84.7 m,  Otsquago at Spring Street 
D 24 
Flat @ 24.5 m, Brun @ 80.8 ft 
 
(Note: Although these two K-bentonites demonstrate 
similar TiO2-Cl compositions, they are not equivalent 
as per other oxide compositions) 
 
E 16 West Crum @ 3.42 m (“Fat Man”) 
F 46 Dolgeville Dam @ 15.0 m, Nowadaga “B1X”, Otsquago (Trespassers) @ 31.0 m 
 
G 49 Flat @ 6.0 m, Canajoharie @ 24.0 m,  Sherman Falls “B5” 
H 44 
WOLF HOLLOW ASH:  
Flat @ 4.5 m, Canajoharie @ 23.0 m,  
City Brook @ 1.3 m, Rathbun @ 25.5 m 
 
I 77 Flat @ -4.0 m, Canajoharie @ 14.5 m, Sherman Falls “B1”, East Crum St2 B2, East Crum, St3 3B 
 
J 24 Canajoharie @ 12.0 m 
K 53 
THRUWAY ASH:  
Nowadaga @ 15.9 m (“B3”), South Flat @ 21 m, 
NYS Thruway “B1”, Dolgeville Dam @ 33.5 m 
 
 200
Table 6.1  K-bentonites representing the TiO2-Cl melt inclusion compositional clusters 
(boxes) as shown in Fig. 6.1 (Information provided by John Delano). Continued… 
Cluster Number of Data Corresponding K-bentonites 
L 35 
KAY ASH:  
“High Falls Ash” at Trenton Falls,  
City Brook @ 8.8 m, Rathbun @ 40.2 m 
 
M 20 Begas Cliff @ 14.0 m 
N 19 Flat @ 78.0 m, Dolgeville Dam @ 9.0 m,  Smalls Bush @ 18.1 m 
O 89 
MANHEIM ASH:  
E. Canada @ -10 m, West Crum “B0”, Nowadaga 
“B0”, Myers Road “MD2”,  
Thruway MP 213.07 @ -5 ft, Smalls Bush 29.5 m,  
County Home South 
 
COUNTRYMAN ASH:  
Countryman @ 27.3 m., South Tributary Flat Creek @ 
33.5 m, NYS Thruway “B3” @ 213 mile marker, 
Myers Road “MC2” 
(Note: Although these two K-bentonites demonstrate 
similar TiO2-Cl compositions, they are not equivalent 
as per other oxide compositions; see page 225 – 227 
of section 6.4.4) 
 
P 83 
E. Canada @ 19.8 m, Nowadaga “B minus 3”, Myers 
Road “MD1”, South Flat “BXX+4”,  
Otsquago (Trespassers) @ 2.5 m 
Q 10 Brun “B-A” 
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6.4 COMPARISON OF MELT INCLUSION CHEMISTRY 
 
Figure 6.1, TiO2 vs. Cl XY plot constructed with data from major K-bentonites 
from the Mohawk Valley, NY, was used as the key benchmark for comparing melt 
inclusion data. Melt inclusion data from K-bentonites from all localities within the study 
area (see Chapter 2 for details) i.e., Mohawk Valley, New York, central Pennsylvania, 
northern and western Virginia, central Kentucky and northwestern Georgia were plotted 
on the benchmark TiO2-Cl diagram. Observations are presented by region in the 
following sections. 
 
6.4.1 Preliminary Comparison of Melt Inclusions Chemistry from the Mohawk Valley, 
NY 
 
Some of the original melt inclusion data that were used to plot the TiO2-Cl 
diagram of Mitchell et al. (1994) were re-plotted along with additional melt inclusion 
data (e.g., Mill Creek Lowville, Otsquago at Spring Street) and data from additional K-
bentonites from the Mohawk Valley, NY for preliminary comparison (Fig. 6.2 and 6.3).  
In Figure 6.2, the following observations highlight the geochemical stories 
revealed by melt inclusion chemistry (all geochemical data presented in Appendix IX and 
VI): 
 Canajoharie 17 @ 67 m, Canajoharie 13 @ 61.9 m, and Chuctanunda @ 42 m 
melt inclusions show a larger range in the TiO2 composition than that reported by 
Mitchell et al. (1994) e.g., 0-0.45 wt% vs. 0-0.3 wt%).  
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1. Canajoharie 17 @ 67 m melt inclusions show bimodality (outlined in 
black), a higher TiO2-Cl cluster and a lower TiO2-Cl cluster, indicating a 
unique fingerprint (Fig. 6.2). 
2. TiO2-Cl compositions of melt inclusions from Chuctanunda @ 42 m K-
bentonite do not match with that of any other Mohawk Valley melt 
inclusions, indicating a unique fingerprint for the same (Fig. 6.2).  
3. Canajoharie 13 melt inclusions show a larger range in TiO2 and Cl 
compositions. However, the melt inclusions data plot all over the TiO2-Cl 
plot area, indicating a “bad” fingerprint unusable for correlation (Fig. 6.2). 
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Figure 6.2  Comparison of melt inclusion compositions from the upper Middle 
Ordovician K-bentonites from the Mohawk Valley, New York. 
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 In figure 6.3, new melt inclusion data from the Mohawk Valley, NY K-bentonites 
were plotted using identical X and Y-axis ranges as in the TiO2 vs. Cl plot of 
Mitchell et al. (1994). This diagram reveals several unique signatures among the 
Mohawk Valley K-bentonites as follows: 
1. Watertown melt inclusions reveal a lower TiO2 composition compared to 
all other melt inclusions from Mohawk Valley K-bentonites. 
2. Flat Creek @ 31.2 m melt inclusions show a lower Cl composition. 
3. Chuctanunda @ 46.4 m melt inclusions show a moderate Cl composition 
and relatively low TiO2 composition, with a considerable range in TiO2-Cl 
compositions. 
4. Steuben B-2 and Trenton B-9 melt inclusions show moderate TiO2 - 
higher Cl, and moderate TiO2 - lower Cl compositions respectively. Melt 
inclusions from both K-bentonites show a considerable range in TiO2 and 
Cl compositions. 
 The most significant potential correlations observed, not reported by Mitchell et 
al. (1994), are among the following K-bentonites (Figures 6.2 and 6.3): 
1. Canajoharie 14 @ 63.5 m and Flat Creek @ 47.4. 
2. Canajoharie 16 @ 65.5 m and Flat Creek @ 49.5 m. 
3. Titus Ash Millcreek and compositional cluster J of Figure 6.1 comprising 
Canajoharie @ 12.0 m (Table 6.1). 
4. Ingham Mills @ 6.9 m and compositional cluster F of Figure 6.1 
comprising Dolgeville Dam @ 15.0 m, Nowadaga “B1X”, Otsquago @ 
31.0 m (Table 6.1). 
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5. Yatesville Creek and compositional cluster P of Figure 6.1 comprising E. 
Canada @ 19.8 m, Nowadaga “B minus 3”, Myers Road “MD1”, South 
Flat “BXX+4”, Otsquago @ 2.5 m (Table 6.1). 
6. Millcreek Lowville, Roaring Brook 31.7 m, and compositional cluster I of 
Figure 6.1 comprising Flat @ -4.0 m, Canajoharie @ 14.5 m, Sherman 
Falls “B1”, East Crum St2 B2, East Crum St3 3B (Table 6.1). 
7. Chuctanunda @ 36 m, Deer River, and "Kay Ash" or "High Falls Ash" or 
compositional cluster L of Figure 6.1 comprising “High Falls Ash” at 
Trenton Falls, City Brook @ 8.8 m, Rathbun @ 40.2 m (Table 6.1). 
 
In the following section, the above potential matches are tested based on other 
element and oxide compositions. 
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Figure 6.3  Comparison of melt inclusion compositions from the upper Middle 
Ordovician K-bentonites from the Mohawk Valley, New York. The compositional fields 
correspond to the fingerprinted and correlated K-bentonites (see Fig 6.1 and Table 6.1 for 
reference). Data legend same as Figure 6.2. 
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6.4.2 Detailed Comparison of Melt Inclusions Chemistry from the Mohawk Valley, NY  
 
In this section, the chemical equivalence observed among the Mohawk Valley K-
bentonites during the preliminary comparative analysis is verified or rejected based on 
one-or-more compositional plots. Two of the seven potential matches observed during the 
preliminary comparative analysis have been reported by Dannenmann (1997), who noted 
the equivalence between Canajoharie 16 @ 65.5 m and Flat Creek @ 49.5 m, and 
reported a confident match between Canajoharie 14 @ 63.5 m and Flat Creek @ 47.4 
(Dannenmann, 1997). 
The following potential geochemical matches are further discussed as follows 
(geochemical data presented in Appendix IX and VI): 
 Titus Ash Millcreek vs. compositional cluster J (comprising Canajoharie @ 12.0 
m) – MgO vs. FeO compositional plot of melt inclusions data differentiates the 
two K-bentonites distinctly (Fig. 6.4), rejecting the potential match based on the 
TiO2-Cl compositional plot. 
 Ingham Mills @ 6.9 m vs. compositional cluster F (comprising Dolgeville Dam 
@ 15.0 m, Nowadaga “B1X”, Otsquago @ 31.0 m) – Melt inclusion data from 
Otsquago @ 31 m was used as the representative of compositional cluster F for 
comparison with the Ingham Mills @ 6.9 m melt inclusion data. CaO vs. MnO 
and MgO vs. FeO compositional plots (Fig. 6.5 A and B respectively) indicate a 
clear distinction between the two K-bentonites, rejecting the potential match 
based on the TiO2-Cl compositional plot. 
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Figure 6.4  Detailed comparison of melt inclusion compositions from Titus Ash 
Millcreek and Canajoharie @ 12 m K-bentonites from the Mohawk Valley, New York. 
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Figure 6.5  Detailed comparison of melt inclusion compositions from Ingham Mills @ 
6.9 m and Otsquago @ 31 m K-bentonites from the Mohawk Valley, New York. 
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 Yatesville Creek vs. compositional cluster P (comprising E. Canada @ 19.8 m, 
Nowadaga “B minus 3”, Myers Road “MD1”, South Flat “BXX+4”, Otsquago @ 
2.5 m) – Melt inclusion data from Myers Road MD1, South Flat BXX+4, and 
Otsquago @ 2.5 m were used as the representatives of compositional cluster P for 
comparison with the Yatesville Creek melt inclusion data. CaO vs. MnO and 
MgO vs. FeO compositional plots (Fig. 6.6 A and B respectively) indicate a clear 
distinction between Yatesville Creek K-bentonite and compositional cluster P K-
bentonites, rejecting the potential match based on the TiO2-Cl compositional plot. 
 Mill Creek Lowville vs. Roaring Brook 31.7 m vs. compositional cluster I 
(comprising Flat @ -4.0 m, Canajoharie @ 14.5 m, Sherman Falls “B1”, East 
Crum, St2 B2, East Crum, S3 3B) – Melt inclusion data from all the 
representative K-bentonites for compositional cluster I were used for this 
comparative analysis. It is apparent from CaO vs. MnO, TiO2 vs. Cl, MgO vs. 
FeO, and Na2O vs. K2O compositional plots (Figures 6.7 A, B, C and D 
respectively) that Millcreek Lowville and Roaring Brook 31.7 m K-bentonites are 
equivalent geochemically. All discriminating element/oxide compositions are 
identical within the current analytical uncertainties for the two K-bentonites, 
indicating a geochemical match. It is also apparent that only the Na2O 
composition of melt inclusions discriminate compositional cluster I K-bentonites 
(outlined in red in Fig. 6.7 D) from Millcreek Lowville and Roaring Brook 31.7 m 
K-bentonites (outlined in green in Fig. 6.7 D), rejecting the potential match based 
on the TiO2-Cl compositional plot. 
 211
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.6  Detailed comparison of melt inclusion compositions from Yatesville Creek, 
Otsquago @ 2.5 m, South Flat BXX+4, and Myers Road MD1 K-bentonites from the 
Mohawk Valley, New York. 
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Figure 6.7  Detailed comparison of melt inclusion compositions from Mill Creek 
Lowville @ 49.5 m (old data), Millcreek Lowville (new data), Roaring Brook @ 31.7 m, 
Flat Creek @ -4 m, Canajoharie @ 14.5 m, Sherman Falls B-1, East Crum St2 B2 and 
East Crum St3 3B K-bentonites from the Mohawk Valley, New York. 
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 Chuctanunda @ 36 m vs. Deer River vs. "Kay Ash" or "High Falls Ash" or 
compositional cluster L (comprising “High Falls Ash” at Trenton Falls, City 
Brook @ 8.8 m, Rathbun @ 40.2 m) – Melt inclusion data from the High Falls 
Ash at Trenton Falls was used as representatives of compositional cluster L for 
comparison with the Chuctanunda @ 36 m and Deer River 63 ft above Trocolites 
Bed melt inclusion data.  
1. CaO vs. MnO (Fig. 6.8 A) and MgO vs. FeO (Fig. 6.8 C) compositional 
plots discriminate Deer River 63 ft above Trocolites Bed K-bentonite 
(outlined in pink) from compositional cluster L K-bentonites and the 
Chuctanunda @ 36 m K-bentonite (outlined in black), rejecting the 
potential match based on the TiO2-Cl compositional plot.  
2. Na2O vs. K2O (Fig. 6.8 D) compositional plot shows a clear distinction 
between the Deer River 63 ft above Trocolites Bed K-bentonite and the 
Chuctanunda @ 36 m K-bentonite.  
3. Na2O and K2O data for melt inclusions for compositional cluster L K-
bentonites were not available. However, based on similar CaO, MnO, 
TiO2, Cl, MgO and FeO compositions of melt inclusions (Figures 6.8 A, B 
and C), a geochemical match between the Chuctanunda @ 36 m and 
compositional cluster L (High Falls Ash) is proposed. 
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Figure 6.8  Detailed comparison of melt inclusion compositions from the High Falls Ash 
at Trenton Falls, the Chuctanunda @ 36 m and the Deer River 63 ft above Trocolites Bed 
K-bentonites from the Mohawk Valley, New York. 
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6.4.3 Preliminary Comparison of Melt Inclusions Chemistry from NY and PA 
 
In Figure 6.9, melt inclusion data from Pennsylvania were overlaid on the TiO2-Cl 
diagram consisting of compositional clusters (boxes) formed by melt inclusion data from 
key Mohawk Valley K-bentonites. The following observations highlight the geochemical 
stories revealed by melt inclusion chemistry (geochemical data presented in Appendix IX 
and VI): 
 Reedsville Antes Shale A-13 melt inclusions reveal a unique signature with a 
huge range in TiO2 composition not similar to any of the Mohawk Valley 
compositional clusters of Figure 6.1. 
 Reedsville B-5, B-4 (reported Millbrig), and Union Furnace @ 23.2 m (reported 
Millbrig) is covered in detail in Chapter 5, and is not further discussed in this 
chapter. However, it was observed that melt inclusions from these K-bentonites 
overlap several Mohawk Valley compositional clusters (see section 5.3.4.3). 
 TiO2-Cl compositions of melt inclusions from Antes Creek @ 34.2 m resemble 
that of compositional cluster K of Figure 6.1 comprising "Thruway Ash" or 
Nowadaga @ 15.9 m (“B3”), South Flat @ 21 m, NYS Thruway “B1”, Dolgeville 
Dam @ 33.5 m (Table 6.1). 
 Melt inclusion data available from Antes Creek @ 1.4 m was from a single melt 
inclusion in apatite. It shows a certain degree of similarity with melt inclusions in 
quartz from Reedsville B-10 ("B-R" of Thompson, 1963). Both differ 
compositionally from any of the Mohawk Valley compositional clusters of Figure 
6.1. Reedsville B-10 melt inclusions show a large range in TiO2, composition 
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overlapping more than one Mohawk Valley compositional clusters. Additional 
data will be necessary to fingerprint Antes Creek @ 1.4 m based on melt inclusion 
compositions. 
 Union Furnace @ 66.65 m melt inclusions show bimodality in their TiO2-Cl 
compositions. These consist of a higher TiO2-Cl group resembling Mohawk 
Valley compositional cluster E comprising West Crum @ 3.42 m (“Fat Man”); 
and a lower TiO2-Cl group somewhat similar to Mohawk Valley compositional 
cluster O of figure 6.1 comprising the “Manheim Ash” and the “Countryman 
Ash” (Table 6.1). 
 A majority of the data points from Reedsville Antes Shale @ 72.3 m fall on 
compositional cluster E of Figure 6.1 comprising West Crum @ 3.42 m (“Fat 
Man”) with some overlap with compositional cluster F of Figure 6.1 comprising 
Dolgeville Dam @ 15.0 m, Nowadaga “B1X”, Otsquago @ 31.0 m (Table 6.1). 
 TiO2-Cl compositions of melt inclusions from Antes Creek @ 12.35 m resemble 
that of compositional cluster F of Figure 6.1 comprising Dolgeville Dam @ 15.0 
m, Nowadaga “B1X”, Otsquago @ 31.0 m (Table 6.1). 
 Reedsville Antes Shale A-16 melt inclusions fall on compositional cluster O of 
Figure 6.1 comprising the “Manheim Ash” and the “Countryman Ash” (Table 
6.1). 
 TiO2-Cl compositions of Reedsville Antes Shale A-15 melt inclusions resemble 
that of compositional cluster P of Figure 6.1 comprising E. Canada @ 19.8 m, 
Nowadaga “B minus 3”, Myers Road “MD1”, South Flat “BXX+4”, and 
Otsquago @ 2.5 m (Table 6.1). 
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Figure 6.9  Comparison of melt inclusion compositions from upper Middle Ordovician 
K-bentonites from Pennsylvania and the fingerprinted and correlated K-bentonites from 
the Mohawk Valley, NY (see Fig 6.1 and Table 6.1 for reference). 
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6.4.4 Detailed Comparison of Melt Inclusions Chemistry from NY and PA 
 
In this section, the chemical equivalence observed among the K-bentonites from 
Pennsylvania and the Mohawk Valley, New York during the preliminary comparative 
analysis is verified or rejected based on one-or-more compositional plots. In addition, 
some tests are conducted to check equivalence between K-bentonites within the 
Pennsylvania samples.  
Detailed melt inclusion compositional plots reveal the following geochemical 
stories (geochemical data presented in Appendix IX and VI): 
 Antes Creek @ 34.2 m vs. compositional cluster K (comprising "Thruway Ash" 
or Nowadaga @ 15.9 m (“B3”), South Flat @ 21 m, NYS Thruway “B1”, 
Dolgeville Dam @ 33.5 m) – Melt inclusion data from Dolgeville Dam @ 33.5 m 
was used as the representative of the Mohawk Valley compositional cluster K for 
comparison with the Antes Creek @ 34.2 m melt inclusion data. CaO vs. MnO 
compositional plot indicate a clear distinction between the two K-bentonites (Fig. 
6.10 A), rejecting the potential match based on the TiO2-Cl compositional plot. 
 Antes Creek @ 1.4 m vs. Reedsville B-10 ("B-R") – A single melt inclusion in 
apatite phenocrysts from Antes Creek @ 1.4 m resembled that of Reedsville B-10 
reported as “B-R” by Thompson (1963). MgO vs. FeO compositional plot 
differentiates the two K-bentonites distinctly (Fig. 6.10 B), rejecting the potential 
match based on the TiO2-Cl compositional plot. 
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Figure 6.10  Detailed comparison of melt inclusion compositions from (A) Antes Creek 
@ 34.2 m from Pennsylvania vs. compositional cluster K of Fig. 6.1 from the Mohawk 
Valley, New York (represented by Dolgeville Dam @ 33.5 m), and (B) Antes Creek @ 
1.4 m vs. Reedsville B-10 ("B-R" of Thompson, 1963) from Pennsylvania. 
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 Union Furnace @ 66.65 m vs. compositional cluster E (comprising West Crum @ 
3.42 m or “Fat Man”), and/or Union Furnace @ 66.65 m vs. compositional cluster 
O (comprising the “Manheim Ash” and the “Countryman Ash”) – Melt inclusion 
data from Myers Road MC2, Thruway B3, Countryman Creek @ 27.3 m, 
Thruway @ -5 ft MP 213.07, Myers Road MD2, West Crum B-0, Nowadaga B-0 
were used to represent Mohawk Valley compositional cluster O for comparison 
with the Union Furnace @ 66.65 m melt inclusion data. MgO vs. FeO 
compositional plot (Fig. 6.11) indicates a clear distinction between the Union 
Furnace @ 66.65 m K-bentonite and Mohawk Valley compositional cluster O, 
and Union Furnace @ 66.65 and West Crum @ 3.42 m as well (Fig. 6.11), 
rejecting the potential match based on the TiO2-Cl compositional plot. 
 Reedsville Antes Shale @ 72.3 m vs. compositional cluster E (comprising West 
Crum @ 3.42 m or “Fat Man”), and/or Reedsville Antes Shale @ 72.3 m vs. 
compositional cluster F (comprising Dolgeville Dam @ 15.0 m, Nowadaga 
“B1X”, Otsquago @ 31.0 m) – Na2O vs. K2O compositional plot (Fig. 6.12 A) 
indicates a clear distinction between the Reedsville Antes Shale @ 72.3 m and 
West Crum @ 3.42 m K-bentonites, rejecting the potential match based on the 
TiO2-Cl compositional plot. Melt inclusion data from Otsquago @ 31.0 m was 
used to represent Mohawk Valley compositional cluster F for comparison with the 
Reedsville Antes Shale @ 72.3 m melt inclusion data. CaO vs. MnO 
compositional plot (Fig. 6.12 B) indicates a clear distinction between the 
Reedsville Antes Shale @ 72.3 m K-bentonite and Mohawk Valley compositional 
cluster F, rejecting the potential match based on the TiO2-Cl compositional plot. 
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Figure 6.11  Detailed comparison of melt inclusion compositions from Union Furnace @ 
66.65 m from Pennsylvania vs. compositional cluster E and compositional cluster O K-
bentonites of Fig. 6.1 from the Mohawk Valley, New York (represented by West Crum 
@ 3.42 m, and Countryman-Manheim Ash respectively). 
Melt Inclusion Chemistry
0.4
0.6
0.8
1
1.2
1.4
1.6
0 0.05 0.1 0.15 0.2 0.25
MgO (wt%)
Fe
O
 (w
t%
)
Myers Road MC2 (Countryman Ash) Thruway B3 (Countryman Ash)
Countryman Creek @ 27.3m (Countryman Ash) Thruway @ -5ft MP 213.07
Myers Road MD2 West Crum B-0
Nowadaga B0 West Crum @ 3.42m (Fat Man)
Union Furnace @ 66.65m
Myers Road MC2 (Countryman Ash) Thruway B3 (Countryman Ash) 
t  r   27.3  t  h) Thruway @ -5ft MP 213.07 
Myers Road MD2 West Crum B-0
Nowadaga B0 West Crum @ 3.42 m (Fat Man) 
Union Furnace @ 66.65 m 
 222
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.12  Detailed comparison of melt inclusion compositions from Reedsville Antes 
Shale @ 72.3 m from Pennsylvania vs. compositional cluster E and compositional cluster 
F K-bentonites of Fig. 6.1 from the Mohawk Valley, New York (represented by West 
Crum @ 3.42 m and Otsquago @ 31.0 m respectively). 
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 Antes Creek @ 12.35 m vs. compositional cluster F (comprising Dolgeville Dam 
@ 15.0 m, Nowadaga “B1X”, Otsquago @ 31.0 m) – Melt inclusion data from 
Otsquago @ 31.0 m was used to represent Mohawk Valley compositional cluster 
F for comparison with the Antes Creek @ 12.35 m melt inclusion data.  
1. It is apparent from CaO vs. MnO, TiO2 vs. Cl, MgO vs. FeO, and Na2O 
vs. K2O compositional plots (Figures 6.13 A, B, C and D respectively) that 
Antes Creek @ 12.35 m and Mohawk Valley compositional cluster F 
(represented by Otsquago @ 31.0 m) K-bentonites are equivalent 
geochemically.  
2. All discriminating element/oxide compositions are identical within the 
current analytical uncertainties for the two K-bentonites, indicating a 
geochemical match (Fig. 6.13). 
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Figure 6.13  Detailed comparison of melt inclusion compositions from Antes Creek @ 
12.35 m from Pennsylvania vs. compositional cluster F K-bentonites of Fig. 6.1 from the 
Mohawk Valley, New York (represented by Otsquago @ 31.0 m). 
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 Reedsville Antes Shale A-16 vs. compositional cluster O (comprising the 
“Manheim Ash” and the “Countryman Ash”) - Melt inclusion data from Myers 
Road MC2, Thruway B3, Countryman Creek @ 27.3 m, Thruway @ -5 ft MP 
213.07, Myers Road MD2, West Crum B-0, Nowadaga B-0 were used to 
represent Mohawk Valley compositional cluster O for comparison with the 
Reedsville Antes Shale A-16 melt inclusion data.  
1. CaO vs. MnO, TiO2 vs. Cl, and MgO vs. FeO compositional plots (Figures 
6.14 A, B, and C) show that the Reedsville Antes Shale A-16 and Mohawk 
Valley compositional cluster O K-bentonites have identical melt inclusion 
compositions.  
2. Na2O vs. CaO and Na2O vs. K2O (Fig 6.15 A and B respectively) plots 
show subtle differences between “Countryman Ash” (outlined in gray) and 
the “Manheim Ash” (outlined in green) K-bentonites, not discernable in 
other compositional plots.  
3. Na2O vs. K2O (Fig. 6.14 D) compositional plot indicates a subtle 
difference between Reedsville Antes Shale A-16 and the “Countryman 
Ash” K-bentonites.  
4. A majority of the Reedsville Antes Shale A-16 melt inclusion data plot 
within the Manheim K-bentonite cluster (outlined in green in Fig. 6.15), 
indicating a confident geochemical match between the two K-bentonites.  
5. All discriminating element/oxide compositions are identical within the 
current analytical uncertainties for the Reedsville Antes Shale A-16 and 
the Manheim K-bentonite of the Mohawk Valley (Figures 6.14 and 6.15). 
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Figure 6.14  Detailed comparison of melt inclusion compositions from Reedsville Antes 
Shale A-16 from Pennsylvania vs. compositional cluster O K-bentonites of Fig. 6.1 from 
the Mohawk Valley, New York (comprising the “Manheim Ash” and the “Countryman 
Ash”).
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Figure 6.15  Detailed comparison of melt inclusion compositions demonstrating subtle 
differences between Countryman and Manheim K-bentonites from the Mohawk Valley, 
New York from. Reedsville Antes Shale A-16 melt inclusions shows distinct similarity 
with “Manheim Ash” melt inclusions, indicating a geochemical match. 
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 Reedsville Antes Shale A-15 vs. compositional cluster P (comprising E. Canada 
@ 19.8 m, Nowadaga B minus 3, Myers Road MD1, South Flat BXX+4, and 
Otsquago @ 2.5 m) - Melt inclusion data from Myers Road MD1, South Flat 
BXX+4, and Otsquago @ 2.5 m were used to represent Mohawk Valley 
compositional cluster P for comparison with the Reedsville Antes Shale A-15 
melt inclusion data.  
1. It is apparent from CaO vs. MnO, TiO2 vs. Cl, MgO vs. FeO, and Na2O 
vs. K2O compositional plots (Figures 6.16 A, B, C and D respectively) that 
Reedsville Antes Shale A-15 and Mohawk Valley compositional cluster P 
K-bentonites are equivalent geochemically.  
2. All discriminating element/oxide compositions are identical within the 
current analytical uncertainties for the Reedsville Antes Shale A-15 and 
the Mohawk Valley compositional cluster P K-bentonites, indicating a 
geochemical match (Fig. 6.16). 
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Figure 6.16  Detailed comparison of melt inclusion compositions from Reedsville Antes 
Shale A-15, Pennsylvania vs. compositional cluster P K-bentonites of Fig. 6.1 from the 
Mohawk Valley, New York (represented by Myers Road MD1, South Flat BXX+4, and 
Otsquago @ 2.5 m). 
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6.4.5 Preliminary Comparison of Melt Inclusions Chemistry from NY and VA 
 
In Figure 6.17, melt inclusion data from Virginia were overlaid on the TiO2-Cl 
diagram, consisting of compositional clusters (boxes) formed by melt inclusion data from 
the key Mohawk Valley K-bentonites. The following observations highlight the 
geochemical stories revealed by melt inclusion chemistry (geochemical data presented in 
Appendix IX and VI): 
 Melt inclusions from Tazewell @ 35.25 m do not plot within any of the 
compositional clusters and are probably unique geochemically. 
 Melt inclusion geochemistry of Tazewell 21.5 m, Tazewell 11.6 m (reported 
Millbrig), and Catawba B-1 (reported Millbrig) have been discussed in Chapter 5 
in detail and are not discussed further in this section. 
 Strasburg B-4 was identified as equivalent to the Deicke (Fig. 6.18) and does not 
plot within any of the Mohawk Valley compositional clusters - another test for the 
absence of the Deicke in New York. 
 Melt inclusions from Strasburg B-7 shows a huge range in TiO2-Cl compositions 
and do not plot within any of the Mohawk Valley compositional clusters. 
 Catawba B-3 melt inclusions show a large range in Cl composition with a 
relatively smaller range in TiO2 composition. A majority of the data fall between 
the compositional cluster A and compositional cluster C of Figure 6.1, while a 
few data fall on compositional cluster Q of Figure 6.1, creating a unique signature 
(see red box in Fig. 6.17). 
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Figure 6.17  Comparison of melt inclusion compositions from the upper Middle 
Ordovician K-bentonites from Virginia and the fingerprinted and correlated K-bentonites 
from the Mohawk Valley, NY (see Fig 6.1 and Table 6.1 for reference). 
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Figure 6.18  Detailed comparison of melt inclusion compositions from the reported 
Deicke K-bentonite from Hagan, VA with that from the Strasburg B-4 K-bentonite, VA 
(section 6.4.5). 
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6.4.6 Preliminary Comparison of Melt Inclusions Chemistry from NY, KY and GA 
 
In Figure 6.19, melt inclusion data from Georgia and Kentucky were overlaid on 
the TiO2-Cl diagram, consisting of compositional clusters (boxes) formed by melt 
inclusion data from the key Mohawk Valley K-bentonites. The following observations 
highlight the geochemical stories revealed by melt inclusion chemistry (geochemical data 
presented in Appendix IX and VI): 
 TiO2-Cl compositions of melt inclusions from Davis Cross Road @ 25.25 m 
resemble that of compositional cluster O of Figure 6.1 (Table 6.1). 
 Sleepy Hollow and Quisenberry Road melt inclusions are probably equivalent to 
each other displaying the following key features:  
1. TiO2-Cl compositions of melt inclusions from both K-bentonites show 
bimodality.  
2. A majority of the data from both K-bentonites form a compositional 
cluster similar to Mohawk Valley compositional cluster E of Figure 6.1, 
comprising West Crum @ 3.42 m or “Fat Man” (Table 6.1). 
3. The other compositional cluster for both K-bentonites comprises melt 
inclusions with lower TiO2 composition. Although the low TiO2 melt 
inclusions from the two K-bentonites are not identical, they show a 
general similarity in the compositional trend. This needs further 
investigation with more data. 
 Melt inclusions from Shryocks Ferry do not plot on any of the Mohawk Valley 
compositional clusters and are probably unique geochemically. 
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Figure 6.19  Comparison of melt inclusion compositions from the upper Middle 
Ordovician K-bentonites from Georgia, Kentucky and the fingerprinted and correlated K-
bentonites from the Mohawk Valley, NY (see Fig 6.1 and Table 6.1 for reference). 
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6.4.7 Detailed Comparison of Melt Inclusions Chemistry from NY, KY and GA 
 
In this section, the chemical equivalences observed among the K-bentonites from 
Georgia, Kentucky, and the Mohawk Valley, New York during the preliminary 
comparative analysis are verified or rejected based on one-or-more compositional plots. 
In addition, some tests are conducted to check equivalence between K-bentonites within 
the Kentucky samples.  
Detailed melt inclusion compositional plots reveal the following geochemical 
stories (geochemical data presented in Appendix IX and VI): 
 Davis Cross Road @ 25.25 m vs. compositional cluster O (comprising the 
"Manheim Ash" and the "Countryman Ash") - Melt inclusion data from Myers 
Road MC2, Thruway B3, Countryman Creek @ 27.3 m, Thruway @ -5 ft MP 
213.07, Myers Road MD2, West Crum B-0, Nowadaga B-0 were used to 
represent Mohawk Valley compositional cluster O for comparison with Davis 
Cross Road @ 25.25 m melt inclusion data. MgO vs. FeO and Na2O vs. K2O 
compositional plots (Fig. 6.20 A and B respectively) indicate a clear distinction 
between Davis Cross Road @ 25.25 m K-bentonite and Mohawk Valley 
compositional cluster O, rejecting the potential match based on the TiO2-Cl 
compositional plot. 
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Figure 6.20  Detailed comparison of melt inclusion compositions from Davis Cross 
Roads @ 25.25 m from Georgia vs. compositional cluster O K-bentonites of Fig. 6.1 
from the Mohawk Valley, New York. 
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 Sleepy Hollow vs. Quisenberry Road –  
1. Melt inclusions from both K-bentonites show bimodality.  
2. One compositional cluster comprises a majority of the data (outlined in 
orange in Fig. 6.21) while a few outliers constitute the other (outlined in 
blue in Fig. 6.21). 
3. It is apparent from CaO vs. MnO, TiO2 vs. Cl, MgO vs. FeO, and Na2O 
vs. K2O compositional plots (Figures 6.21 A, B, C and D respectively) that 
a majority of melt inclusions from Sleepy Hollow and Quisenberry Road 
K-bentonites are equivalent geochemically.  
4. Although the outliers do not show identical MnO and FeO compositions, a 
confident match can be proposed based on similar chemical trends e.g., 
bimodal distribution of the melt inclusion chemistry and identical 
chemical compositions for a majority of the melt inclusions.  
5. The discriminating element/oxide compositions are identical within the 
current analytical uncertainties for the two K-bentonites, indicating a 
geochemical match (Fig. 6.21).  
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 Sleepy Hollow and Quisenberry Road vs. compositional cluster E (comprising 
West Crum @ 3.42 m or “Fat Man”) –  
1. Melt inclusions from Sleepy Hollow, Quisenberry Road, and West Crum 
@ 3.42 m show similar compositions based on CaO vs. MnO, TiO2 vs. Cl, 
and MgO vs. FeO plots (Figures 6.21 A, B, and C respectively).  
2. Na2O vs. K2O compositional plot (Figures 6.21 D) shows discernable 
distinction between the two compositional clusters (outlined in black) 
formed by the K-bentonites.  
3. The Sleepy Hollow-Quisenberry Na2O-K2O compositional cluster has a 
larger compositional range compared to the West Crum @ 3.42 m 
compositional cluster. In addition, West Crum @ 3.42 m melt inclusions 
have lower Na2O composition compared to the Sleepy Hollow-
Quisenberry melt inclusions (Fig. 6.21 D).  
4. Na2O vs. K2O compositional plot (Fig. 6.21 D) indicates a clear distinction 
between Sleepy Hollow and Quisenberry Road K-bentonites and Mohawk 
Valley compositional cluster E, rejecting the potential match based on the 
TiO2-Cl compositional plot. 
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Figure 6.21  Detailed comparison of melt inclusion compositions from Sleepy Hollow 
and Quisenberry Road from Kentucky, and compositional cluster E K-bentonites of Fig. 
6.1 from the Mohawk Valley, New York (comprising West Crum @ 3.42 m). 
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6.4.8 Preliminary Comparison of Melt Inclusions Chemistry from PA, VA, KY and GA 
 
In the previous sections, chemical compositions of melt inclusions from K-
bentonites from Pennsylvania, Virginia, Kentucky and Georgia were compared with that 
of New York K-bentonites. In this section, a preliminary inter-regional comparison of 
melt inclusion chemistry is conducted to identify chemical equivalence among one or 
more K-bentonites in the Taconic foreland basin other than the Mohawk Valley, NY. 
Preliminary comparative analysis was carried out by plotting all melt inclusion 
data from Pennsylvania, Virginia, Kentucky and Georgia on the TiO2 vs. Cl diagram 
(Fig. 6.22). The following observations were noted (geochemical data presented in 
Appendix IX and VI): 
 Catawba B-3, Tazewell @ 35.25 m, Reedsville B-10 (“B-R”), Antes Creek @ 
34.2 m, Reedsville Antes Shale A-13, and Shryocks Ferry K-bentonites have a 
unique chemical signature based on the TiO2 and Cl compositions of melt 
inclusions (Fig. 6.22). 
 Reedsville Antes Shale A-15 melt inclusions have a unique TiO2 composition; 
however, they show a similar Cl composition to that of several K-bentonites (Fig. 
6.22). More detailed comparative analyses are conducted to understand the 
fingerprint. 
 Melt inclusions from Union Furnace @ 66.65 m have identical TiO2-Cl 
compositions as that of Quisenberry and Sleepy Hollow K-bentonites (the two 
oval clusters outlined in black showing the bimodal distribution in Fig. 6.22), 
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which are equivalent (see section 6.4.7 for detailed comparative analysis 
establishing a match between the two K-bentonites). 
 Melt inclusions from Reedsville Antes Shale @ 72.3 m and Strasburg B-7 K-
bentonites match with a majority of the Union Furnace @ 66.65 m, Quisenberry, 
and Sleepy Hollow melt inclusion data for TiO2 and Cl compositions (green box 
in Fig. 6.22).  
 The TiO2-Cl compositional cluster for Antes Creek @ 12.35 melt inclusions (red 
box in Fig. 6.22) overlaps with that formed by the Reedsville Antes Shale @ 72.3 
m, Strasburg B-7, Union Furnace @ 66.65 m, Quisenberry, and Sleepy Hollow K-
bentonites. 
 Melt inclusions from Reedsville Antes Shale A-16 have identical TiO2-Cl 
compositions as that of Davis Cross Road @ 25.25 m (black box in Fig. 6.22). 
 
In the next section, detailed comparative analysis of all melt inclusion data from 
Pennsylvania, Virginia, Kentucky and Georgia is discussed. 
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Figure 6.22  Preliminary comparison of melt inclusion compositions from the upper 
Middle Ordovician K-bentonites from Pennsylvania, Virginia, Kentucky and Georgia. 
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6.4.9 Detailed Comparison of Melt Inclusions Chemistry from PA, VA, KY and GA 
 
In this section, the chemical equivalences observed among the K-bentonites from 
Pennsylvania, Virginia, Kentucky and Georgia during the preliminary comparative 
analysis are verified or rejected based on one-or-more compositional plots.  
Detailed melt inclusion compositional plots reveal the following geochemical 
stories (geochemical data presented in Appendix IX and VI): 
 CaO vs. MnO (Fig. 6.23 A) compositional plot and a closer view at the TiO2 vs. 
Cl (Fig 6.23 B) compositional plot reveal a clear differentiation between 
Reedsville Antes Shale A-15 K-bentonite (black box) and other K-bentonites 
from Pennsylvania, Virginia, Kentucky and Georgia. 
 MgO vs. FeO (Fig. 6.23 C) compositional plot shows a clear differentiation 
between the Union Furnace @ 66.65 m (outlined in gray) and Quisenberry - 
Sleepy Hollow K-bentonites (the two oval clusters outlined in black showing the 
bimodal distribution in Fig 6.23 C), rejecting the potential match based on the 
TiO2-Cl compositional plot. 
 MgO vs. FeO (Fig. 6.23 C) compositional plot differentiates the Antes Creek @ 
12.35 m K-bentonite (outlined in red) from other K-bentonites from Pennsylvania, 
Virginia, Kentucky and Georgia. 
 Na2O vs. K2O (Fig. 6.23 D) compositional plot differentiates Strasburg B-7 
(outlined in pink) from Reedsville Antes Shale @ 72.3 m, Quisenberry, and 
Sleepy Hollow, and other K-bentonites from Pennsylvania, Virginia, Kentucky 
and Georgia. 
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 The Reedsville Antes Shale A-16 K-bentonite (outlined in blue) can be 
differentiated from Davis Cross Road @ 25.25 m and from other K-bentonites 
from Pennsylvania, Virginia, Kentucky and Georgia., based on MgO vs. FeO 
(Fig. 6.23 C) and Na2O vs. K2O compositional plots (see blue box in Fig. 6.23 D 
showing a clear distinction). 
 The Reedsville Antes Shale @ 72.3 m K-bentonite can be differentiated from 
Quisenberry and Sleepy Hollow K-bentonites based on the observation that melt 
inclusions from the former does not show bimodality as shown by melt inclusions 
from the latter two K-bentonites (Figures 6.21, 6.22, and 6.23 A, B, and C). 
 
 245
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.23  Detailed comparison of melt inclusion compositions from the upper Middle 
Ordovician K-bentonites from Pennsylvania, Virginia, Kentucky and Georgia. 
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6.5 COMPARISON OF APATITE CHEMISTRY 
 
Comparing apatite chemical compositions required a different approach, due to 
lack of a key benchmark such as the TiO2 vs. Cl plot (Fig 6.1) for comparing melt 
inclusions (see section 6.4). In order to establish chemical equivalence and understand the 
nature of the apatite chemical signatures, MnO and Cl compositions were taken as a 
stepping-stone for preliminary comparison of apatite chemical data. Apatite data were 
plotted by regions on MnO vs. Cl compositional plots to observe preliminary chemical 
similarities or uniqueness among K-bentonites. Once an intra-regional comparison was 
accomplished, an inter-regional comparison was conducted to establish further chemical 
correlation (if any) among K-bentonites throughout the study area.  
In addition, the chemical equivalences established by melt inclusion chemistry in 
section 6.4 were revisited (if apatite data were available) to test the matches based on 
apatite chemistry. Observations are presented in the following sections. 
 
6.5.1 Preliminary Comparison of Apatite Chemistry form NY, PA, VA, KY and GA 
 
All available apatite data from the study area in the Mohawk Valley, New York, 
central Pennsylvania, northern and western Virginia, central Kentucky, and northwestern 
Georgia, were used for preliminary comparative analysis. Apatite data were plotted on 
MnO vs. Cl XY plot with identical X- and Y-axis ranges (Figures 6.24, 6.25, 6.26 and 
6.27). If a general similarity was observed among K-bentonites based on preliminary 
observations, detailed analyses were conducted to verify or reject a match.  
 247
The following observations highlight the geochemical stories revealed by apatite 
chemistry (geochemical data presented in Appendix X and V): 
 MnO vs. Cl compositions of apatite phenocryst show two conspicuous 
compositional trends labeled as "Trend 1" and "Trend 2" in Figures 6.24, 6.25, 
6.26, and 6.27. Trend 1 has a gentler slope compared to that of Trend 2. A 
majority of the data, from all regions, align along Trend 2. None of the data from 
Kentucky and Georgia falls on Trend 1 (Fig. 6.27). 
 Conspicuous compositional variations can be seen along each trend to rule out an 
inter-regional correlation among some of the K-bentonites e.g., Canajoharie 14 vs. 
Antes Gap @ 1.4 m K-bentonites of Trend 1 (Fig. 6.24 and 6.25).  
 Based on the MnO-Cl compositions of apatites the following potential matches 
were observed within Trend 1: 
1. Antes Gap @ 1.4 m, Tazewell @ 25.7 m, Watertown Quarry, Ingham 
Mills @ -3.9 m, Ingham Mills @ 6.3 m, Ingham Mills @ 19.7 m (Figures 
6.24, 6.25, 6.26). 
2. Tazewell @ 5.4 m, Tazewell @ 0 m, and Canajoharie B-14 (Figures 6.24, 
6.26). 
 The following seven distinct MnO-Cl compositional clusters were observed 
within Trend 2, indicating potential matches (Figures 6.24, 6.25, 6.26 and 6.27):  
1. Compositional cluster 1(C-1) - Ingham Mills @ 5.4 m, Strasburg B-5, 
Antes Gap @ 13.0 m. 
2. Compositional cluster 2 (C-2) - Strasburg B-3, Reedsville B-1, Oak Hall 
B-minus 1, Davis Cross Road @ 15.25 m and Oregon Road @ 0.35 m. 
 248
3. Compositional cluster 3 (C-3) - Flat Creek @ 6 m, Canajoharie @ 24 m. 
4. Compositional cluster 4 (C-4) - Quisenberry Road, Sleepy Hollow 
(already established as a match based on melt inclusion chemistry), Antes 
Gap @ 34.2 m, Sherman Falls B-1, Mill Creek Lowville, Canajoharie @ 
65.5 m, Canajoharie B-23, Canajoharie B-13, Steuben B-2.  
[Note: Some of these K-bentonites cannot be equivalent based on their 
stratigraphic position, are examined in detail for clarification in section 
6.5.2.] 
5. Compositional cluster 5 (C-5) - Reedsville A-16, Nowadaga B-0, Small's 
Bush Road @ 29.5 m, (already established as a match and as Manheim K-
bentonite based on melt inclusion chemistry) County Home South, Davis 
Cross Road @ 25.25 m. 
6. Compositional cluster 6 (C-6) - Apatites from a number of K-bentonites 
plot on the same general area having moderate-low MnO and Cl 
compositions (Figures 6.24, 6.25, 6.26 and 6.27).  
[Note: Some of these K-bentonites cannot be equivalent based on their 
stratigraphic position, examined in detail for clarification in section 6.5.2.] 
The K-bentonites showing a general similarity are Antes Gap @ 8.2 m, 
Reedsville B-0, Reedsville B-8, Reedsville B-10, Reedsville B-11, Union 
Furnace B-7, Union Furnace B-9, Union Furnace B-11 @ 102.0 m, Davis 
Cross Road @ 2 m, Davis Cross Road @ 5.8 m, Davis Cross Road @ 
12.55 m, Oregon Road @ -1.21 m, Strasburg @ 64.87, Strasburg @ 59.87, 
Strasburg @ 49.97, Tazewell @ 26 m, Tazewell @ 32 m, Tazewell @ 
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35.25, Tazewell St2 @ 20.7 m, Tazewell St2 @ 24.2 m, Strasburg B-4 
(Deicke), Reedsville B-2 (Deicke), Millbrig (represented by Tazewell @ 
11.6 m, Catawba B-1, Reedsville B-4, Union Furnace @ 23.2 m). 
7. Compositional cluster 7 (C-7) - Apatites from a number of K-bentonites 
plot on the same general area having low MnO and Cl compositions 
(Figures 6.24, 6.25, 6.26 and 6.27) e.g., Strasburg @ 13.71 m, Strasburg 
@ 72, Strasburg B-7, Strasburg @ 76.72, Canajoharie B-17, City Brook @ 
2 m, City Brook @ 5.6 m, Ingham Mills @ 6.9 m, Ingham Mills @ 6.3 m, 
Ingham Mills @ -3.9 m, Ingham Mills @ -5.2 m, Ingham Mills @ -4.5 m, 
Watertown Quarry, Rathbun Brook.  
[Note: Some of these K-bentonites cannot be equivalent based on their 
stratigraphic position, examined in detail for clarification in section 6.5.2.] 
 New York apatites do not plot on MnO-Cl compositional clusters C-2 and C-6 of 
Trend 2 where most of the apatite data from other localities plot (Figures 6.24). 
While compositional cluster C-3 is formed by New York apatites only (Fig. 6.24). 
 Apatite data from Pennsylvania do not plot on MnO-Cl compositional clusters C-
3 and C-7 of Trend 2 (Fig. 6.26). 
 MnO-Cl compositional cluster C-7 of Trend 2 has representatives from New York 
and Virginia localities only (Figures 6.24, 6.26). A majority of apatite data 
forming this compositional cluster are from New York K-bentonites. 
 Apatite data from Virginia do not plot on MnO-Cl compositional clusters C-3, C-
4 or C-5 of Trend 2 (Fig. 6.26). Apatite data from Kentucky and Georgia do not 
plot on MnO-Cl compositional clusters C-1, C-3 or C-7 of Trend 2 (Fig. 6.27). 
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Figure 6.24  Preliminary comparison of apatite compositions from New York. MnO-Cl 
compositional clusters are labeled as “C -#” as described in the text.
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Figure 6.25  Preliminary comparison of apatite compositions from Pennsylvania. MnO-
Cl compositional clusters are labeled as “C-#” as described in the text. 
Apatite Chemistry, PA
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Figure 6.26  Preliminary comparison of apatite compositions from Pennsylvania. MnO-
Cl compositional clusters are labeled as “C-#” as described in the text. 
Apatite Chemistry, VA
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Figure 6.27  Preliminary comparison of apatite compositions from Pennsylvania. MnO-
Cl compositional clusters are labeled as “C-#” as described in the text. 
Apatite Chemistry, KY-GA
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6.5.2 Detailed Comparison of Apatite Chemistry form NY, PA, VA, KY and GA 
 
In this section, the chemical equivalences observed among the K-bentonites from 
the study area in the Mohawk Valley-New York, central Pennsylvania, northern and 
western Virginia, central Kentucky, and northwestern Georgia during the preliminary 
comparative analysis are verified or rejected based on one-or-more compositional plots.  
Detailed apatite compositional plots reveal the following geochemical stories for 
the potential matches observed within Trend 1 of the preliminary MnO-Cl plot 
(geochemical data presented in Appendix X and V): 
 Antes Gap @ 1.4 m, Tazewell @ 25.7 m, Watertown Quarry, Ingham Mills @ -
3.9 m, Ingham Mills @ 6.3 m, Ingham Mills @ 19.7 m: 
1. Apatites from Antes Gap @ 1.4 m show a unique linear trend in MnO vs. 
FeO (Fig. 6.28 A, 6.29 A) and F vs. Cl (Fig. 6.28 B) compositional plots, 
differentiating it from the other K-bentonites. 
2. Tazewell @ 25.7 m apatites form a unique compositional cluster (outlined 
in gray) in MnO vs. FeO (Fig. 6.28 A) and F vs. Cl (Fig. 6.28 B) 
compositional plots, differentiating it from other K-bentonites in this 
group.  
3. Apatites from Watertown Quarry, Ingham Mills @ 19.7 m, Ingham Mills 
@ 6.3 m, and Ingham Mills @ -3.9 m K-bentonites form a unique 
compositional cluster (outlined in broken gray) in MnO vs. FeO plot (Fig. 
6.28 A), showing a clear distinction from other K-bentonites in this group. 
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4. SiO2 vs. SrO (Fig. 6.28 D) compositional plot differentiates the 
Watertown Quarry K-bentonite (outlined in black) from Ingham Mills @ 
19.7 m, Ingham Mills @ 6.3 m, and Ingham Mills @ -3.9 m K-bentonites 
(outlined in broken brown).  
5. Detailed compositional plots (Fig. 6.28 A, C, and D) indicate a clear 
distinction among Antes Gap @ 1.4 m, Tazewell @ 25.7 m, Watertown 
Quarry K-bentonites and the three K-bentonites from Ingham Mills (e.g., 
at 19.7 m, 6.3 m, and –3.9 m), rejecting the potential match based on the 
preliminary MnO-Cl compositional plot. 
6. None of the compositional plots could differentiate Ingham Mills @ 19.7 
m, Ingham Mills @ 6.3 m, and Ingham Mills @ -3.9 m K-bentonites from 
one another, indicating an unusable apatite fingerprint for these three K-
bentonites (Figures 6.28 A, B, C and D). 
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Figure 6.28  Detailed comparison of apatite compositions from K-bentonites forming 
Trend 1 of the preliminary comparison (MnO-Cl plot). 
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 Tazewell @ 5.4 m, Tazewell @ 0 m, and Canajoharie B-14: 
1. MnO vs. FeO plot (Fig. 6.29 A) shows distinctly different compositional 
trends for apatites from Canajoharie B-14, Tazewell @ 5.4 m, and Antes 
Gap @ 1.4 m, differentiating the three K-bentonites from one another.  
2. Canajoharie B-14 apatites show a unique bimodal distribution for FeO and 
Na2O compositions (Fig. 6.29 A and B respectively), indicating a clear 
distinction from other K-bentonites in this group. 
3. F vs. Cl plot (Fig. 6.29 C) differentiates Tazewell @ 0 m and Canajoharie 
B-14 K-bentonites (outlined in gray) distinctly from Tazewell @ 5.4 m 
(outlined in black).  
4. Detailed compositional plots (Fig. 6.29 A, B, and C) indicate a clear 
distinction among Tazewell @ 5.4 m, Tazewell @ 0 m, and Canajoharie 
B-14 K-bentonites, rejecting the potential match based on the preliminary 
MnO-Cl compositional plot. 
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Figure 6.29  Detailed comparison of apatite compositions from K-bentonites forming 
Trend 1 of the preliminary comparison (MnO-Cl plot). 
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Detailed apatite compositional plots reveal the following geochemical stories for 
the potential matches of Trend 2 (geochemical data presented in Appendix X and V): 
 Compositional cluster 1 of Trend 2 - Ingham Mills @ 5.4 m, Strasburg B-5, Antes 
Gap @ 13.0 m: 
1. MnO vs. FeO plot (Fig. 6.30 A) shows distinctly different MnO 
composition for apatites from Ingham Mills @ 5.4 m and Strasburg B-5, 
differentiating the two K-bentonites from each other. 
2. SrO composition (Fig. 6.30 B) of apatite differentiates Antes Gap @ 13.0 
m from the Ingham Mills @ 5.4 m and Strasburg B-5 K-bentonites. 
3. Detailed compositional plots (Fig. 6.30 A and B) indicate a clear 
distinction among Ingham Mills @ 5.4 m, Strasburg B-5, Antes Gap @ 
13.0 m K-bentonites, rejecting the potential match based on the 
preliminary MnO-Cl compositional plot. 
 Compositional cluster 2 of Trend 2 - Strasburg B-3, Reedsville B-1, Oak Hall B-
minus 1, Davis Cross Road @ 15.25 m and Oregon Road @ 0.35 m: 
1. F vs. Cl (Fig. 6.30 C) compositional plot differentiates the Davis Cross 
Road @ 15.25 m K-bentonite (outlined in black) from the Oregon Road @ 
0.35 m K-bentonite (outlined in gray). 
2. MgO vs. Na2O compositional plots (Figures 6.30 D and 6.31 A) 
differentiate the Strasburg B-3, Reedsville B-1, and Oak Hall B-minus 1 
K-bentonites (outlined in black) from the Oregon Road @ 0.35 m K-
bentonite (outlined in gray) and the Davis Cross Road @ 15.25 m K-
bentonite (outlined in red). 
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3. MnO vs. FeO (Fig. 6.31 B) compositional plot differentiates the Strasburg 
B-3, Reedsville B-1, and Oak Hall B-minus 1 K-bentonites (outlined in 
black) from the Oregon Road @ 0.35 m K-bentonite (outlined in gray). 
4. Detailed compositional plots (Figures 6.32 A, B, C, and D) indicate that 
the Strasburg B-3, Reedsville B-1, and Oak Hall B minus 1 K-bentonites 
(outlined in black) are equivalent geochemically, based on apatite 
chemistry. 
5. Detailed compositional plots indicate a clear distinction between the Davis 
Cross Road @ 15.25 m and Oregon Road @ 0.35 m K-bentonites (Fig. 
6.30 C and Fig. 6.31 A), rejecting the potential match based on the 
preliminary MnO-Cl compositional plot.  
6. Figures 6.30 D and 6.31 indicate that the Strasburg B-3, Reedsville B-1, 
and Oak Hall B minus 1 K-bentonites (which are equivalent to one 
another) are not equivalent to either the Davis Cross Road @ 15.25 m or 
Oregon Road @ 0.35 m K-bentonites, rejecting the potential match based 
on the preliminary MnO-Cl compositional plot. 
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Figure 6.30  Detailed comparison of apatite compositions from K-bentonites forming 
compositional clusters 1 and 2 of Trend 2 of the preliminary comparison (MnO-Cl plot). 
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Figure 6.31  Detailed comparison of apatite compositions from K-bentonites forming 
compositional cluster 2 of Trend 2 of the preliminary comparison (MnO-Cl plot). 
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 Compositional cluster 3 of Trend 2 - Flat Creek @ 6 m, Canajoharie @ 24 m: 
1. Detailed compositional plots (Figures 6.32 A, B, C, and D) indicate that 
the Flat Creek @ 6 m and Canajoharie @ 24 m K-bentonites (outlined in 
orange) are equivalent geochemically based on apatite chemistry.  
2. The discriminating element/oxide compositions are identical within the 
current analytical uncertainties for the two K-bentonites, indicating a 
geochemical match (Fig. 6.32). 
3. This result reiterates the melt inclusion chemistry-based correlation 
(compositional cluster G of Figure 6.1 and Table 6.1). 
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Figure 6.32  Detailed comparison of apatite compositions from K-bentonites forming 
compositional clusters 3 and 2 of Trend 2 of the preliminary comparison (MnO-Cl plot). 
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 Compositional cluster 4 of Trend 2 - Quisenberry Road, Sleepy Hollow, Antes 
Gap @ 34.2 m, Sherman Falls B-1, Mill Creek Lowville, Canajoharie @ 65.5 m, 
Canajoharie B-23, Canajoharie B-13, Steuben B-2: 
1. F vs. Cl (Fig. 6.33 A) and SiO2 vs. SrO (Fig. 6.33 B) apatite compositional 
plots differentiate the Antes Gap @ 34.2 K-bentonite (outlined in gray) 
from the rest of the K-bentonites in this group, based on the presence of 
apatites with higher concentrations and larger compositional ranges of Cl, 
SiO2, and SrO compositions. 
2. Detailed apatite compositional plots (Figures 6.33 A, B, C, D and 6.34) 
indicate that the Quisenberry Road and Sleepy Hollow K-bentonites 
(outlined in black) are equivalent to each other geochemically. This result 
reiterates the melt inclusion chemistry-based correlation discussed earlier 
in this chapter (see sections 6.4.6 and 6.4.7). In addition, these two K-
bentonites can be differentiated from other K-bentonites in this group, 
based on the MgO composition of apatites (Fig. 6.33 D)  
3. F vs. Cl (Fig. 6.33 A, 6.35 A) compositional plots indicate that the 
Canajoharie @ 65.5 m K-bentonite (outlined in orange) has bimodal 
apatite compositions. The presence of a “high F-low Cl” group and a “low 
F-high Cl” group of apatites differentiates the K-bentonite from the other 
K-bentonites in this group. MnO vs. FeO (Fig. 6.33 C, 6.35 C) and MgO 
vs. Na2O (Fig. 6.33 D, 6.35 D) compositional plots also indicate that the 
Canajoharie @ 65.5 m K-bentonite (outlined in orange) has bimodal 
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apatite compositions differentiating it from the other K-bentonites in this 
group.  
4. Canajoharie B-23 apatites show similar compositions to that of 
Canajoharie @ 65.5 m. The two K-bentonites can be differentiated only in 
MnO vs. FeO compositional plot, where Canajoharie B-23 apatites form a 
distinctive linear trend (Figures 6.33 C and 6.35 C). 
5. Canajoharie B-13 can be differentiated from other K-bentonites in this 
group by its distinctive compositional cluster (outlined in brown) in F-Cl 
compositional plot (Figures 6.33 A and 6.35 A). 
6. Apatites from the Steuben B-2 K-bentonite form a distinctive 
compositional cluster (outlined in blue) in SiO2 vs. SrO compositional 
plots (Figures 6.34 and 6.35 B).  
7. The Sherman Falls B-1 and Mill Creek Lowville K-bentonites can be 
differentiated from the rest of the K-bentonites in this group by a 
distinctive MgO composition of the apatites (Figures 6.33 D and 6.35 D).  
8. Sherman Falls B-1 and Mill Creek Lowville K-bentonites show very 
similar apatite compositions. These two K-bentonites can be differentiated 
from each other only based on the SrO composition of apatites (Fig. 6.36), 
corroborating the results (melt inclusion) in sections 6.4.1 and 6.4.2. 
9. Detailed compositional plots suggest that except for the Quisenberry and 
Sleepy Hollow K-bentonites, none of the K-bentonites in this group can be 
correlated geochemically, rejecting the potential match based on the 
preliminary MnO-Cl compositional plot.
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Figure 6.33  Detailed comparison of apatite compositions from K-bentonites forming 
compositional cluster 4 of Trend 2 of the preliminary comparison (MnO-Cl plot). 
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Figure 6.34  Detailed comparison of apatite compositions from K-bentonites forming 
compositional cluster 4 of Trend 2 of the preliminary comparison (MnO-Cl plot). 
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Figure 6.35  Detailed comparison of apatite compositions from K-bentonites forming 
compositional cluster 4 of Trend 2 of the preliminary comparison (MnO-Cl plot). 
Apatite Chemistry
Millcreek Lowville Sherman Falls B-1
Steuben KB-2 Canajoharie B-23
Canajoharie B-13 Canajoharie @ 65.5m
0
0.05
0.1
0.15
0.2
0 0.25 0.5 0.75
SiO2 (wt%)
Sr
O
 (w
t%
)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
1.5 2.5 3.5 4.5
F (wt%)
C
l (
w
t%
)
0
0.1
0.2
0.3
0.4
0.5
0.6
0 0.1 0.2
MnO (wt%)
Fe
O
 (w
t%
)
0
0.025
0.05
0.075
0.1
0 0.2 0.4
MgO (wt%)
N
a 2
O
 (w
t%
)
(A) 
(C) (D) 
(B) 
Millcreek Lowville Sherman Falls B-1 Steuben KB-2 
Canajoharie B-23 Canajoharie B-13 Canajoharie @ 65.5 m
 270
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.36  Detailed comparison of apatite compositions from Mill Creek Lowville and 
Sherman falls B-1 K-bentonites forming part of compositional cluster 4 of Trend 2 of the 
preliminary comparison (MnO-Cl plot). Mill Creek Lowville apatites have a larger range 
in SrO and SiO2 compositions (outlined in gray) compared to the smaller SrO and SiO2 
compositional range for Sherman Falls B-1 apatites (outlined in black). 
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 Compositional cluster 5 of Trend 2 - Reedsville A-16, Nowadaga B-0, Small's 
Bush Road @ 29.5 m, County Home South, Davis Cross Road @ 25.25 m: 
1. Detailed compositional plots (Figures 6.37 A, B, C and D) indicate that 
the Reedsville Antes Shale A-16, PA K-bentonite is equivalent to the 
Nowadaga B-0, Small's Bush Road @ 29.5 m, and County Home South 
K-bentonites (representing the Manheim K-bentonite Bed) from the 
Mohawk Valley, NY. This result reiterates the melt inclusion chemistry-
based correlation discussed earlier in this chapter (see sections 6.4.3 and 
6.4.4). 
2. F vs. Cl (Fig. 6.37 A) and MgO vs. Na2O (Fig. 6.37 D) apatite 
compositional plots show a clear distinction between the Myers Road 
MC2 K-bentonite representing the Countryman K-bentonite Bed (outlined 
in red) and the Manheim K-bentonite Bed (outlined in black). 
3. MgO vs. Na2O (Fig. 6.37 D) apatite compositional plot shows a clear 
distinction between the Davis Cross Road @ 25.25 m (outlined in gray) 
and the rest of the K-bentonites in this group, rejecting the potential match 
based on the preliminary MnO-Cl compositional plot. 
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Figure 6.37  Detailed comparison of apatite compositions from K-bentonites forming 
compositional cluster 5 of Trend 2 of the preliminary comparison (MnO-Cl plot). 
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 Compositional cluster 6 (C-6) - Phase I - Antes Gap @ 8.2 m, Reedsville B-0, 
Reedsville B-8, Reedsville B-10, Reedsville B-11, Union Furnace B-7, Union 
Furnace B-9, Union Furnace B-11 @ 102.0 m, Davis Cross Road @ 2 m, Davis 
Cross Road @ 5.8 m, Davis Cross Road @ 12.55 m, Oregon Road @ -1.21 m, 
Strasburg @ 64.87, Strasburg @ 59.87, Strasburg @ 49.97, Tazewell @ 26 m, 
Tazewell @ 32 m, Tazewell @ 35.25, Tazewell St 2 @ 20.7 m, Tazewell St 2 @ 
24.2 m, Strasburg B-4 (Deicke), Reedsville B-2 (Deicke), Millbrig (represented 
by Tazewell @ 11.6 m, Catawba B-1, Reedsville B-4, Union Furnace @ 23.2 m): 
1. F vs. Cl (Fig. 6.38) and SiO2 vs. SrO (Fig. 6.39) compositional plots 
differentiate clearly the Reedsville B-0 (outlined in red) from the 25 other 
K-bentonites in this group. Reedsville apatites demonstrate higher SrO and 
lower Cl concentrations compared to the other apatites. 
2. F vs. Cl compositional plot (Fig. 6.38) reveals a subtle distinction between 
the Tazewell @ 35.25 m (outlined in brown) and Oregon Road @ -1.21 m 
(outlined in pink) beds and the rest of the K-bentonites in this group. 
3. F vs. Cl (Fig. 6.38) and MnO vs. FeO (Fig. 6.40) apatite compositional 
plots differentiate the Union Furnace @ 102 m K-bentonite (outlined in 
gray) from rest of the K-bentonites in this group. Union Furnace @ 102 m 
apatites demonstrate higher Cl concentration and higher range in MnO 
composition compared to the other apatites. 
4. The Davis Cross Road @ 2 m bed (outlined in purple) can be 
differentiated distinctly from the rest of the K-bentonites in this group 
based on the lower FeO concentration of its apatites evident from the MnO 
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vs. FeO compositional plot (Fig. 6.40). In the F-Cl diagram (Fig. 6.38), 
Davis Cross Road @ 2 m apatites form an independent trendline (marked 
in red in Fig. 6.38) that crosses the Millbrig and the Deicke trendlines. 
5. Millbrig and Deicke F-Cl trendlines (see Chapter 5) were superimposed on 
the F vs. Cl compositional plot (Fig. 6.38). A majority of apatite data fell 
on the Millbrig trendline making it impossible to differentiate the Millbrig 
K-bentonite from other K-bentonites based on the F-Cl compositions of 
apatite phenocrysts. However, the Deicke trendline was unique. The 
Reedsville B-2 (reported Deicke) and Strasburg B-4 (identified as Deicke 
based on melt inclusion chemistry in section 6.4.5) beds fell on the Deicke 
trendline (Fig. 6.38), reiterating the melt inclusion-based results. 
6. The Deicke K-bentonite can also be differentiated from the rest of the K-
bentonites in this group based on the unique “Deicke compositional 
cluster” marked in black in MgO vs. FeO compositional plot (Fig. 6.41).  
7. The Millbrig can be differentiated from rest of the K-bentonites, excepting 
Union Furnace B-7, based on its bimodal apatite composition evident from 
the MnO vs. FeO compositional plot (outlined in black in Fig. 6.40). 
Millbrig apatites with “high MnO-lower FeO” compositions are unique. 
However, apatite data from a number of K-bentonites fall on the “lower 
MnO” Millbrig compositional cluster (Fig. 6.40). 
8. Another way to discriminate the Millbrig from other K-bentonites in this 
group is the MgO vs. FeO apatite compositional plot (Fig. 6.41), where 
Millbrig apatites form two compositional trends (see Chapter 5 for 
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detailed discussion). “Millbrig Trend 1” is unique except for the fact that a 
majority of Union Furnace B-7 apatite data falls on this trendline (Fig. 
6.41). However, it is evident from Fig. 6.41 that apatite data from a 
number of K-bentonites in this group fall on “Millbrig Trend 2”. The 
trendline, formed by apatites from other K-bentonites that share similar 
MgO-FeO compositions with the “Millbrig Trend 2” apatites, show a 
distinctive non-linear pattern (marked in thick black in Fig 6.41), except 
the Strasburg @ 49.97 m apatites. The bimodal MnO composition and 
linear MgO-FeO Millbrig trendlines (compared to the non-linear MgO-
FeO trendline formed by other the K-bentonites) establish clear 
distinctions between the Millbrig and the rest of the K-bentonites in this 
group, excepting Union Furnace B-7 and Strasburg @ 49.97 m.  
9. Union Furnace B-7 and Strasburg @ 49.97 m apatites cannot be 
differentiated from the Millbrig based on the apatite compositional plots 
discussed so far. Further detailed analyses were conducted to understand 
the similarities and differences (see pages 283 - 285). 
10. MgO vs. FeO apatite compositional plot (Fig. 6.41) also differentiates 
Strasburg @ 64.87 m from the rest of the K-bentonites in this group. 
Strasburg @ 64.87 m apatites form a distinctive linear trendline (marked 
in pink) with a steeper slope than the Millbrig trendlines. 
11. MgO vs. FeO apatite compositional plot (Fig. 6.41) reveals another 
compositional cluster formed by the Oregon Road @ -1.21 m, Davis Cross 
Road 5.8 m, and some data from the Davis Cross Road 12.55 m beds. 
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Figure 6.38  Detailed comparison of apatite compositions from K-bentonites forming 
compositional cluster 6 of Trend 2 of the preliminary comparison (MnO-Cl plot). 
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Figure 6.39  Detailed comparison of apatite compositions from K-bentonites forming 
compositional cluster 6 of Trend 2 of the preliminary comparison (MnO-Cl plot). 
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Figure 6.40  Detailed comparison of apatite compositions from K-bentonites forming 
compositional cluster 6 of Trend 2 of the preliminary comparison (MnO-Cl plot). 
Apatite Chemistry
0
0.2
0.4
0.6
0.8
0 0.05 0.1 0.15 0.2 0.25
MnO (wt%)
Fe
O
 (w
t%
)
Reedsville B-11 Reedsville B-10
Reedsville B-8 Reedsville B-2
Reedsville B-0 Antes Gap Route 880 @ 8.2m
Union Furnace @ 102m Union Furnace B-9
Union Furnace B-7 Tazwell St 2 @ 24.2m
Tazwell St 2 @ 20.7m Tazwell @ 32m
Tazwell @ 26m Strasburg @ 64.87m
Strasburg @ 59.87m Strasburg @ 49.97m (B-6)
Strasburg B-4 (Deicke) Davis X Road @ 12.55m
Davis X Road @ 5.8m Davis X Road @ 2m
Oregon Rd @ -1.21m Tazwell @ 35.25m
Reedsville B-4 (Millbrig) Catawba B-1 (Millbrig)
Union Furnace @ 23.2m (B-6, Millbrig) Tazwell @ 11.6m (Millbrig)
Reedsville B-11 Reedsville B-10
eedsville B-8 R edsville B-0
Ant s Gap Route 880 @ 8.2 m Union Furnace @ 1 2 m 
nion Furnace B-9 Union Furnace B-7 
Tazewell St 2 @ 24.2 m Tazewell St 2 @ 20.7 m 
Tazewell @ 35.25 m Tazewell @ 32 m
Tazewell @ 26 m Strasburg @ 64.87 m
Strasburg @ 59.87 m Strasburg @ 49.97 m (B-6) 
Strasburg B-4 (Deicke) Reedsville B-2 (Deicke)
Davis X Road @ 12.55 m Davis X Road @ 5.8 m 
Davis X Road @ 2 m Oregon Rd @ -1.21 m
Reedsville B-4 (Millbrig) Catawba B-1 (Millbrig) 
Union Furnace @ 23.2 m (B-6, Millbrig) Tazewell @ 11.6 m (Millbrig) 
 279
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.41  Detailed comparison of apatite compositions from K-bentonites forming 
compositional cluster 6 of Trend 2 of the preliminary comparison (MnO-Cl plot). 
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 Compositional cluster 6 – Phase II - Antes Gap @ 8.2 m, Reedsville B-8, 
Reedsville B-10, Reedsville B-11, Union Furnace B-7, Union Furnace B-9, Davis 
Cross Road @ 5.8 m, Davis Cross Road @ 12.55 m, Oregon Road @ -1.21 m, 
Strasburg @ 59.87, Strasburg @ 49.97, Tazewell @ 26 m, Tazewell @ 32 m, 
Tazewell @ 35.25, Tazewell St 2 @ 20.7 m, Tazewell St 2 @ 24.2 m, Millbrig 
(represented by Tazewell @ 11.6 m, Catawba B-1, Reedsville B-4, Union Furnace 
@ 23.2 m):  
In the “Phase I” of detailed comparison of apatite chemistry (Figures 6.38, 6.39, 
6.40, 6.41), only seven out of 26 K-bentonites forming compositional cluster 6 (C-6) of 
the preliminary MnO-Cl plot have been differentiated from the rest. During this phase 
more detailed analyses are conducted to reveal further geochemical evidence for or 
against a match among the other 19 K-bentonites of compositional cluster 6. 
 Compositional cluster 6 – Phase II - Davis Cross Road @ 5.8 m, Davis Cross 
Road @ 12.55 m, Oregon Road @ -1.21 m:  
1. Although the three K-bentonites plot on the same unique compositional 
cluster in MgO vs. FeO compositional plot (Fig. 6. 41), the Davis Cross 
Road @ 12.55 m bed cannot be equivalent to Davis Cross Road @ 5.8 m 
bed stratigraphically. In Figure 6.42 these three K-bentonites are analyzed 
in further detail. 
2. MgO vs. Na2O apatite compositional plot (Fig. 6.42 A) shows two distinct 
trendlines, differentiating the Davis Cross Road @ 5.8 m (marker in red) 
and Oregon Road @ -1.21 m (marked in blue) K-bentonites. The Davis 
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Cross Road @ 12.55 m apatite data follows the Oregon Road @ -1.21 m 
trendline. 
3. F vs. Cl compositional plot (Fig 6.42 B) shows a conspicuous variation in 
Cl composition between Oregon Road @ -1.21 m (outlined in blue) and 
Davis Cross Road @ 12.55 m (outlined in yellow) apatites. Davis Cross 
Road @ 5.8 m (outlined in red) apatites show some overlaps with apatite 
data from the other two K-bentonites. 
4. Davis Cross Road @ 5.8 m (outlined in red) is discriminated from Davis 
Cross Road @ 12.55 m (outlined in yellow) and Oregon Road @ -1.21 m 
(outlined in blue) beds clearly, based on MnO-SrO compositions (Fig. 
6.42 C) of apatites. Davis Cross Road @ 12.55 m apatites have larger 
MnO and SrO compositional range as well as lower average SrO 
concentration. 
5.  Detailed comparison of apatite chemistry (Figures 6.42 A, B and C) show 
a clear distinction among Davis Cross Road @ 5.8 m, Davis Cross Road 
@ 12.55 m, and Oregon Road @ -1.21 m K-bentonites, rejecting the 
potential match based on the preliminary MnO-Cl compositional plot. 
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Figure 6.42  Detailed comparison of apatite compositions from K-bentonites forming 
compositional cluster 6 of Trend 2 of the preliminary comparison (MnO-Cl plot). 
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 Compositional cluster 6 – Phase II - Millbrig (represented by Tazewell @ 11.6 m, 
Catawba B-1, Reedsville B-4, Union Furnace @ 23.2 m), Strasburg @ 49.97, 
Union Furnace B-7, Davis Cross Road @ 12.55 m, Tazewell @ 26 m: 
A closer look at the MgO vs. FeO compositional plot (Fig. 6.41) reveals that some 
apatite data from David Cross Road @ 12.55 m and Tazewell @ 26 m falls on Millbrig 
Trend 1 and Millbrig Trend 2. In the detailed comparisons conducted earlier (Figures 
6.38, 6.40, and 6.41) Millbrig apatites could not be discriminated from Strasburg @ 49.97 
and Union Furnace B-7. In this analysis, apatite chemistry from all four K-bentonites e.g., 
Strasburg @ 49.97, Union Furnace B-7, Davis Cross Road @ 12.55 m, and Tazewell @ 
26 m, are compared with that of Millbrig. 
1. The Millbrig K-bentonite (outlined in black) can be differentiated from the 
Union Furnace B-7 (outlined in pink), Davis Cross Road @ 12.55 m, and 
Tazewell @ 26 m (outlined in red) K-bentonites subtly, based on SiO2 vs. 
SrO (Fig. 6.43 A) and MnO vs. SrO (Fig. 6.43 B) apatite compositional 
plots.  
2. Union Furnace B-7 apatites show a bimodal MnO composition (Fig. 6.40) 
similar to the Millbrig apatites, but show lower SrO composition (Fig. 
6.43) than Millbrig apatites. These are subtle yet significant 
differentiations, given that fact that all other oxide compositions of 
apatites are identical for both K-bentonites. 
3. Some overlap can be seen between the compositional clusters formed by 
Millbrig apatites (outlined in black in Fig 6.43) and Tazewell @ 26 m 
apatites (outlined in red in Fig 6.43). The shape of the compositional 
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cluster (covariance pattern) and higher SrO composition of Tazewell @ 26 
m apatites in Figure 6.43, the bimodal MnO composition of Millbrig 
apatites (Fig. 6.40), and non-linear MgO-FeO pattern of Tazewell @ 26 m 
apatites (Fig. 6.41) differentiate the two K-bentonites distinctly. 
4. The compositional cluster formed by Millbrig apatites (outlined in black in 
Fig 6.43) shows considerable overlap with that of the Strasburg @ 49.97 
m K-bentonite. The shape of the compositional cluster (covariance 
pattern) and higher SrO composition of Strasburg @ 49.97 m apatites in 
Figure 6.43, and the bimodal MnO composition of Millbrig apatites (Fig. 
6.40) differentiate the two K-bentonites subtly. 
5. SiO2 vs. SrO (Fig. 6.43 A) and MnO vs. SrO (Fig. 6.43 B) apatite 
compositional plots show a clear differentiation between Tazewell @ 26 
m (outlined in red) and Union Furnace B-7 (outlined in pink) K-
bentonites.  
6. Shapes and sizes of the compositional clusters, formed by apatites from 
Strasburg @ 49.97 (outlined in yellow), Union Furnace B-7 (outlined in 
pink), Davis Cross Road @ 12.55 m, and Tazewell @ 26 m (outlined in 
red) K-bentonites, are distinctly different (Fig. 6.43). 
7. Figure 6.43 demonstrates that the Millbrig, Strasburg @ 49.97, Union 
Furnace B-7, Davis Cross Road @ 12.55 m, and Tazewell @ 26 m K-
bentonites can be discriminated geochemically based on apatite 
compositions, rejecting the potential match based on the preliminary and 
detailed phase I compositional plots. 
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Figure 6.43  Detailed comparison of apatite compositions from K-bentonites forming 
compositional cluster 6 of Trend 2 of the preliminary comparison (MnO-Cl plot). 
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 Compositional cluster 6 – Phase II - Antes Gap @ 8.2 m, Reedsville B-8, 
Reedsville B-10, Reedsville B-11, Union Furnace B-7, Union Furnace B-9, Davis 
Cross Road @ 5.8 m, Davis Cross Road @ 12.55 m, Oregon Road @ -1.21 m, 
Strasburg @ 59.87, Strasburg @ 49.97, Tazewell @ 26 m, Tazewell @ 32 m, 
Tazewell @ 35.25, Tazewell St 2 @ 20.7 m, Tazewell St 2 @ 24.2 m:  
1. MgO vs. Na2O compositional plot (Fig 6.44) shows two distinct 
compositional clusters of the apatite data. Apatites with high MgO-lower 
Na2O compositions form a tighter compositional cluster (outlined in 
orange) comprising Reedsville B-10, Union Furnace B-9, Strasburg @ 
59.87, Tazewell @ 35.25 and Antes Gap @ 8.2 m (Fig 6.44). 
2. Apatites with low MgO-higher Na2O compositions form a relatively broad 
compositional cluster (outlined in blue) comprising Reedsville B-8, Union 
Furnace B-7, Davis Cross Road @ 5.8 m, Davis Cross Road @ 12.55 m, 
Oregon Road @ -1.21 m, and Strasburg @ 49.97 (Fig 6.44). 
3. The remaining apatites show significant overlaps. A majority of the 
apatites from Tazewell @ 26 m, Tazewell @ 32 m, and Tazewell St 2 @ 
20.7 m fall on low MgO-higher Na2O compositional cluster, and a 
majority of Tazewell St 2 @ 24.2 m apatites fall on the high MgO-lower 
Na2O compositional cluster, while Reedsville B-11 data fall of both 
compositional clusters (Fig 6.44). 
4. These two compositional clusters are further analyzed in Phase III to 
understand the nature of the complex geochemical signatures. 
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Figure 6.44  Detailed comparison of apatite compositions from K-bentonites forming 
compositional cluster 6 of Trend 2 of the preliminary comparison (MnO-Cl plot). 
Apatite Chemistry
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 Compositional cluster 6 – Phase III – Reedsville B-11, Reedsville B-10, Antes 
Gap @ 8.2 m, Union Furnace B-9, Strasburg @ 59.87, Tazewell @ 35.25, 
Tazewell St 2 @ 24.2 m: 
1. This group comprises K-bentonites forming the high MgO-lower Na2O 
compositional cluster of Fig 6.44 (outlined in yellow). 
2. F vs. Cl (Fig. 6.45 A) and MnO vs. FeO (Fig. 6.45 B) apatite 
compositional plots differentiate the Tazewell @ 35.25 and Tazewell St 2 
@ 24.2 m K-bentonites (outlined in pink in Fig. 6.45 A) distinctly from 
the rest of the K-bentonites in this group. 
3. MnO vs. FeO compositional plot (Fig. 6.45 B) further differentiates the 
Tazewell @ 35.25 K-bentonite (outlined in green) and the Tazewell St 2 
@ 24.2 m K-bentonite (outlined in red).  
4. Both F-Cl and MnO-FeO plots (Fig. 6.45 A and B respectively) indicate 
the presence of distinct but overlapping compositional clusters, formed by 
apatites from Reedsville B-11, Reedsville B-10, Antes Gap @ 8.2 m, 
Union Furnace B-9, and Strasburg @ 59.87 K-bentonites. The higher Cl-
higher F and the lower FeO compositional clusters (outlined in black in 
Fig. 6.45 A and B respectively) are formed by a majority of the apatite 
data from Reedsville B-11 and Antes Gap @ 8.2 m. The lower Cl-lower F 
cluster and the higher FeO compositional clusters (outlined in brown in 
Fig. 6.45 A and B respectively) are formed by a majority of the apatite 
data from Union Furnace B-9. Apatite data from Strasburg @ 59.87 and 
Reedsville B-10 beds fall on both compositional clusters.
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Figure 6.45  Detailed comparison of apatite compositions from K-bentonites forming 
compositional cluster 6 of Trend 2 of the preliminary comparison (MnO-Cl plot). 
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5. In Figures 6.46 and 6.47, the two overlapping groups of Figure 6.45 are 
re-examined using the Cl vs. SrO and Cl vs. FeO compositions. 
6. Cl vs. SrO apatite compositional plot (Fig 6.46) shows two overlapping 
compositional clusters, one comprising apatites with a higher Cl 
composition and a greater range of SrO composition (outlined in black). 
The other comprises apatites with a lower Cl composition, and a lower and 
a tighter range of SrO composition (outlined in brown). 
7. Cl vs. FeO apatite compositional plot (Fig 6.47) shows two overlapping 
compositional clusters, one comprises apatites with a higher Cl 
composition and a greater range of FeO composition (outlined in black). 
The other comprises apatites with a lower Cl composition, and a higher 
and a tighter range of FeO composition (outlined in brown). 
8. In Figures 6.46 and 6.47, the higher Cl compositional cluster is formed by 
apatites from Antes Gap @ 8.2 m, Reedsville B-11, and Strasburg @ 
59.87 m. This compositional cluster also contains a few apatite data points 
from Reedsville B-10. The lower Cl cluster is formed by apatites from 
Union Furnace B-9 and a majority of apatite data from Reedsville B-10. 
9. From Figures 6.45, 6.46, and 6.47 it is clear that Antes Gap @ 8.2 m and 
Union Furnace B-9 are distinctly different geochemically; Antes Gap @ 
8.2 m, Reedsville B-11, and Strasburg @ 59.87 m are equivalent. Apatite 
compositions of Reedsville B-10 and Union Furnace B-9 are similar; 
however, due to complex apatite chemistry of the former, it is premature 
to establish a definitive correlation between the two. 
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Figure 6.46  Detailed comparison of apatite compositions from K-bentonites forming 
compositional cluster 6 of Trend 2 of the preliminary comparison (MnO-Cl plot). 
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Figure 6.47  Detailed comparison of apatite compositions from K-bentonites forming 
compositional cluster 6 of Trend 2 of the preliminary comparison (MnO-Cl plot). 
Apatite Chemistry
0.14
0.16
0.18
0.2
0.22
0.24
0.26
0.28
0.3
0.32
0.23 0.27 0.31 0.35 0.39
FeO (wt%)
C
l (
w
t%
)
Reedsville B-11 Reedsville B-10
Antes Gap Route 880 @ 8.2m Union Furnace B-9
Strasburg @ 59.87m
Re dsville B-1 Reedsville B-10
Antes Gap Route 880 @ 8.2 m Union Furnace B-9
Strasburg @ 59.87 m
 293
 Compositional cluster 6 – Phase III - Reedsville B-8 and B-11, Union Furnace B-
7, Davis Cross Road @ 5.8 m and @ 12.55 m, Oregon Road @ -1.21 m, 
Strasburg @ 49.97 m, Tazewell @ 26 m and @ 32 m, Tazewell St 2 @ 20.7 m: 
In Figures 6.41, 6.42, and 6.43 it has already been established that Davis Cross 
Road @ 5.8 m, Davis Cross Road @ 12.55 m, Oregon Road @ -1.21 m, Strasburg @ 
49.97, Union Furnace B-7, and Tazewell @ 26 m beds are not equivalent. In this 
analysis, apatite chemistry from these six K-bentonites are compared with that of 
Reedsville B-8, Reedsville B-11, Tazewell @ 32 m, and Tazewell St 2 @ 20.7 m. 
1. F vs. Cl compositional plot (Fig 6.48) shows three distinct compositional 
sub-clusters formed by apatites from the ten K-bentonites in this group. 
The first compositional sub-cluster, “Sub-cluster 1” (outlined in blue), 
comprises apatites with a higher Cl composition from Tazewell @ 32 m 
and Oregon Road @ -1.21 m. The second compositional sub-cluster, 
“Sub-cluster 2” (outlined in red), comprises apatites with a moderate Cl 
composition from Davis Cross Road @ 5.8 m, Reedsville B-11, and Union 
Furnace B-7. It is to be noted that apatites from Union Furnace B-7 form a 
tight cluster (outlined in pink) within this sub-cluster. In addition, this sub-
cluster overlaps a majority of data points from Davis Cross Road @ 12.55 
m (outlined in yellow). The third compositional sub-cluster, “Sub-cluster 
3” (outlined in green), comprises apatites with a lower Cl composition 
from Reedsville B-8, Strasburg @ 49.97 m, Tazewell @ 26 m, and 
Tazewell St 2 @ 20.7 m. Some apatite data from Davis Cross Road @ 
12.55 m (outlined in yellow) also overlap the lower Cl sub-cluster.
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Figure 6.48  Detailed comparison of apatite compositions from K-bentonites forming 
compositional cluster 6 of Trend 2 of the preliminary comparison (MnO-Cl plot). 
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2. In Fig. 6.49, three MnO vs. SrO apatite compositional plots were used for 
a closer observation and interpretation of the three compositional sub-
clusters of Fig 6.48. Fig. 6.49 A reveals a clear distinction between the 
Tazewell @ 32 m and Oregon Road @ -1.21 m K-bentonites of “Sub-
cluster 1”, based on MnO and SrO compositions of apatites. 
3. Fig. 6.49 B differentiates the Reedsville B-11 bed (outlined in black) 
clearly from the other K-bentonites forming “Sub-cluster 2”, based on SrO 
composition of apatites. Distinctions between the Union Furnace B-7 
(outlined in pink), Davis Cross Road @ 5.8 m (outlined in red), and Davis 
Cross Road @ 12.55 m (outlined in yellow) K-bentonites are also clear, 
based on SrO and MnO compositions of apatites. In addition, Figure 6.48 
indicates a clear distinction between the Union Furnace B-7 and Davis 
Cross Road @ 12.55 m K-bentonites, based on F and Cl compositions of 
apatites. Earlier in this chapter, Fig. 6.42 showed clear distinctions 
between Davis Cross Road @ 5.8 m and @ 12.55 m beds. 
4. Fig. 6.49 C distinctly differentiates the Reedsville B-8 (outlined in violet), 
Strasburg @ 49.97 m (outlined in brown), and Tazewell St 2 @ 20.7 
(outlined in green) beds, based on SrO composition of apatites. However, 
the distinction between the Tazewell St 2 @ 20.7 and Tazewell @ 26 m 
K-bentonites are subtle with a considerable overlap in the data points 
within the MnO-SrO compositional range. The Reedsville B-8 apatites 
show a higher SrO compositional range. 
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Figure 6.49  Detailed comparison of apatite compositions from K-bentonites forming 
compositional cluster 6 of Trend 2 of the preliminary comparison (MnO-Cl plot). 
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5. In Fig. 6.50 apatite compositions from the three K-bentonites, Reedsville 
B-8, Tazewell St 2 @ 20.7, and Tazewell @ 26 m, are compared in further 
detail.  
6. MnO vs. Cl compositional plot (Fig. 6.50 A) shows two subtly different 
compositional trends, one for the Tazewell @ 26 m (marked in black) and 
the other for Tazewell St 2 @ 20.7 m (marked in red).  
7. F vs. Na2O compositional plot (Fig. 6.50 B) reveals two closely associated 
compositional clusters, formed by apatites from the Tazewell @ 26 m 
(outlined in black) and Tazewell St 2 @ 20.7 m (outlined in red) K-
bentonites, with overlapping data points. 
8. MnO vs. Na2O and SrO vs. Na2O (Fig. 6.50 C and D respectively) and 
MnO vs. SrO (Fig. 6.49 C) apatite compositional plots reveal that SrO 
composition is the only criteria differentiating the Reedsville B-8 from the 
Tazewell @ 26 m and Tazewell St 2 @ 20.7 m beds. In addition, MnO vs. 
Na2O and SrO vs. Na2O apatite compositional plots (Fig. 6.50 C and D 
respectively) show that the shape and sizes of the compositional clusters, 
and MnO, SrO and Na2O compositional ranges discriminate the three K-
bentonites subtly. 
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Figure 6.50  Detailed comparison of apatite compositions from K-bentonites forming 
compositional cluster 6 of Trend 2 of the preliminary comparison (MnO-Cl plot). 
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9. SrO vs. Na2O apatite compositional plot (Fig. 6.51 A) differentiates 
clearly Davis Cross Road @ 12.55 m K-bentonite (outlined in yellow) 
from the Reedsville B-8, Tazewell St 2 @ 20.7 and Tazewell @ 26 m K-
bentonites (outlined in black), based on SrO composition. 
10. MnO vs. Cl apatite compositional plot (Fig. 6.51 B) shows clear 
differentiations among the Strasburg @ 49.97 m (outlined in blue), Davis 
Cross Road @ 12.55 m (outlined in yellow), and the Reedsville B-8, 
Tazewell St 2 @ 20.7 and Tazewell @ 26 m K-bentonites (outlined in 
black). 
11. Figures 6.48, 6.49, 6.50, and 6.51 differentiate seven out of the ten K-
bentonites from one another and the remaining three K-bentonites in this 
group clearly. Subtle differentiations were also observed among the three 
K-bentonites e.g., Reedsville B-8, Tazewell St 2 @ 20.7 and Tazewell @ 
26 m. 
12. No clear matches were observed among these ten K-bentonites based on 
apatite chemistry. 
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Figure 6.51  Detailed comparison of apatite compositions from K-bentonites forming 
compositional cluster 6 of Trend 2 of the preliminary comparison (MnO-Cl plot). 
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 Compositional cluster 7 (C-7) - Strasburg @ 13.71 m, Strasburg @ 72, Strasburg 
B-7, Strasburg @ 76.72, Canajoharie B-17, City Brook @ 2 m, City Brook @ 5.6 
m, Ingham Mills @ 6.9 m, Ingham Mills @ 6.3 m, Ingham Mills @ -3.9 m, 
Ingham Mills @ -5.2 m, Ingham Mills @ -4.5 m, Watertown Quarry, Rathbun 
Brook: 
Apatites in this compositional cluster contain low concentrations of all 
elements/oxides analyzed.  
1. The Canajoharie B-17, City Brook @ 2 m, City Brook @ 5.6 m, Ingham 
Mills @ 6.9 m, Ingham Mills @ 6.3 m, Ingham Mills @ -3.9 m, Ingham 
Mills @ -5.2 m, Ingham Mills @ -4.5 m, and Watertown Quarry K-
bentonites could not be differentiated from one another, indicating 
unusable apatite fingerprints for these K-bentonites (Figures 6.52, 6.53, 
6.54, and 6.55). 
2. The Strasburg @ 13.71 m, Strasburg @ 72, Strasburg B-7, Strasburg @ 
76.72 K-bentonites (outlined in black) can be differentiated subtly from 
the Mohawk Valley K-bentonites (outlined in red) in this group by a 
higher F-lower Cl (Fig. 6.52) and a higher SrO-lower SiO2 (Fig. 6.55) 
compositions of apatites. 
3. MgO composition of apatites from the Rathbun Brook and Strasburg @ 
13.71 m K-bentonites (outlined in black) differentiates the two from rest 
of the K-bentonites (outlined in red) in this compositional cluster (Fig. 
6.54). 
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4. The Strasburg @ 13.71 and the Rathbun Brook K-bentonites show very 
similar apatite compositions (Figures 6.52, 6.53, 6.54, and 6.55). 
However, SrO composition of apatites (Fig. 6.56) differentiates the two K-
bentonites distinctly. Strasburg @ 13.71 (outlined in green in Fig. 6.56) 
apatites demonstrate a greater range in SrO and a higher average SrO 
concentration than that of Rathbun Brook (outlined in red in Fig. 6.56). 
5. Among the four Strasburg K-bentonites, only the Strasburg B-7 (outlined 
in black in Fig. 6.56) and the Strasburg @ 13.71 (outlined in green) can be 
differentiated from each other based on SrO composition apparent from 
SiO2 vs. SrO plot (Fig. 6.56). Strasburg @ 72 and Strasburg @ 76.72 
cannot be differentiated based on apatite chemistry, indicating unusable 
apatite fingerprint for the two K-bentonites. 
6. Detailed compositional plots (Figures 6.52, 6.53, 6.54, and 6.55, and 6.56) 
indicate that out of the fourteen K-bentonites representing this group, 
eleven have unusable apatite fingerprint and the other three K-bentonites 
(e.g., Rathbun Brook, Strasburg @ 13.71 and Strasburg B-7) are not 
equivalent to one another geochemically. 
7. None of the apatite compositional plots can differentiate the Mohawk 
Valley, NY K-bentonites from one another clearly, excepting the Rathbun 
Brooks K-bentonite. 
8. Detailed compositional plots also reveal that none of the K-bentonites in 
this group can be used confidently for geochemical correlation based on 
apatite chemistry. 
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Figure 6.52  Detailed comparison of apatite compositions from K-bentonites forming 
compositional cluster 7 of Trend 2 of the preliminary comparison (MnO-Cl plot). 
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Figure 6.53  Detailed comparison of apatite compositions from K-bentonites forming 
compositional cluster 7 of Trend 2 of the preliminary comparison (MnO-Cl plot). 
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Figure 6.54  Detailed comparison of apatite compositions from K-bentonites forming 
compositional cluster 7 of Trend 2 of the preliminary comparison (MnO-Cl plot). 
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Figure 6.55  Detailed comparison of apatite compositions from K-bentonites forming 
compositional cluster 7 of Trend 2 of the preliminary comparison (MnO-Cl plot). 
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Figure 6.56  Detailed comparison of apatite compositions from K-bentonites forming 
compositional cluster 7 of Trend 2 of the preliminary comparison (MnO-Cl plot). 
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6.6 DISCUSSION ON THE COMPARISON OF MELT INCLUSION AND  
APATITE CHEMISTRY OF UPPER MIDDLE ORDOVICIAN  
K-BENTONITES 
 
In this section, the observations and analyses presented in sections 6.4 and 6.5 are 
categorized broadly into the following three sub-sections: 
1. Agreements or disagreements between melt inclusion and apatite chemistry 
regarding a geochemical match. 
2. Similarities and differences in the geochemical signatures revealed by melt 
inclusion and apatite chemistry. 
3. Usability of melt inclusion and apatite chemistry in discriminating closely 
spaced K-bentonites within a section or K-bentonites with similar chemical 
signatures. 
 
6.6.1 Agreements or Disagreements Between Melt Inclusion and Apatite Chemistry  
Regarding a Geochemical Match 
 
Not every geochemical match confirmed in this study could be corroborated using 
both phases due to absence of either melt inclusion-bearing quartz or apatite phenocrysts 
from the studied K-bentonite layers. Most of the K-bentonites from outside of the 
Mohawk Valley, New York, lacked melt inclusion-bearing quartz phenocrysts. Similarly, 
many K-bentonites from the Mohawk Valley, NY, which have already been studied for 
melt inclusions, were not re-sampled for establishing apatite geochemical signatures. 
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Despite these predicaments, none of the melt inclusion chemistry-based matches were 
contradicted by apatite chemistry. In addition, none of the melt inclusion chemistry-based 
discriminations were contradicted by apatite chemistry.  
Table 6.1 lists fifty two individual K-bentonites from the Mohawk Valley, New 
York forming nineteen timelines or K-bentonite isochrons reported by Mitchell et al. 
(1994). In this study, about twenty seven additional K-bentonites from New York, and 
about ninety K-bentonites from the other localities in the study area (Appendix VII and 
VIII) were considered.  
Out of all K-bentonites studied, about forty five (including the Millbrig and 
Deicke K-bentonites) yielded both melt inclusion-bearing quartz and apatite phenocrysts 
(Appendix VII, Appendix VIII, and Table 6.1), of which thirty six were fingerprinted 
using both phases for this research (Appendices V, VI, IX, X). 
Out of the fifty two melt inclusion-bearing K-bentonites from the Mohawk 
Valley, New York (Table 6.1), eight K-bentonites were fingerprinted with apatite 
phenocrysts. In addition, out of the twenty seven additional K-bentonites from New 
York, sixteen yielded melt inclusions, twenty yielded apatites, and nine yielded both 
phases. All these K-bentonites have been fingerprinted for this research.  
Out of the ninety K-bentonites from outside New York, twenty seven non-Deicke 
and non-Millbrig K-bentonites yielded fingerprintable melt inclusion-bearing quartz 
phenocrysts, forty six non-Deicke and non-Millbrig K-bentonites yielded fingerprintable 
apatite phenocrysts, and seventeen non-Deicke and non-Millbrig K-bentonites yielded 
both phases. Seventeen out of the twenty seven melt inclusion-bearing quartz yielding K-
bentonites, forty three of the forty six apatite yielding K-bentonites, and ten out of 
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seventeen booth apatite and melt inclusion-bearing quartz yielding K-bentonites have 
been fingerprinted for this research. 
In this chapter, thirteen K-bentonite isochrons have been reported. Out of these 
thirteen isochrons, ten are not reported previously (see Tables 6.2 and 6.3; and section 
6.7), two (e.g., between Canajoharie 16 @ 65.5 m and Flat Creek @ 49.5 m, and between 
Canajoharie 14 @ 63.5 m and Flat Creek @ 47.4) have been reported by Dannenmann 
(1997) (see section 6.4.2,), and the remaining one (e.g., Flat Creek @ 6 m and 
Canajoharie @ 24 m) was revisited using apatite chemistry.  
Out of all of the non-Millbrig K-bentonites studied in this chapter, melt inclusion 
as well as apatite data could be obtained for only the following four correlated K-
bentonites. All four demonstrate agreements between melt inclusion and apatite 
chemistry: 
 The Reedsville Antes Shale A-16 bed and the Manheim K-bentonite Bed of 
the Mohawk Valley, NY (see sections 6.4.3 pg 216, 6.4.4 pg 225, 6.5.1 pg 
248, and 6.5.2 pg 271). 
 The Strasburg B-4 bed and the Deicke K-bentonite Bed (see sections 6.4.5 pg 
230, 6.5.1 pg 249, and 6.5.2 pg 274). 
 The Quisenberry Road and Sleepy Hollow K-bentonites (see sections 6.4.6 pg 
233, 6.4.7 pg 237, 6.5.1 pg 248, and 6.5.2 pg 265). 
 The Flat Creek @ 6 m and Canajoharie @ 24 m beds (see Figure 6.1, Table 
6.1, and sections 6.5.1 pg 248 and 6.5.2 pg 263). 
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6.6.2 Similarities and Differences in Geochemical Signatures Revealed by Melt  
Inclusion and Apatite Chemistry 
 
For all the K-bentonites that were fingerprinted using both melt inclusions as well 
as apatite phenocrysts, a comparative analysis was conducted. The salient observations 
can be summarized as follows: 
 Some of the geochemical distinctions between two K-bentonites are relatively 
clear while some show subtle distinctions based on just one element/oxide 
composition of the apatites or melt inclusions. 
 In some cases distinctions between two K-bentonites are better demonstrated 
using apatite chemistry, while in some cases melt inclusion chemistry is a 
better discriminator. 
 Some K-bentonites show bimodality in chemical compositions for both 
phases, while in some case, either melt inclusions or apatites show bimodal 
compositions. 
In Table 6.1 and section 6.4.4 it was seen that the Manheim K-bentonite and the 
Countryman K-bentonite from the Mohawk Valley, NY have very similar melt inclusion 
compositions (section 6.4.4 pg 225, Figures 6.1, 6.14, 6.15). These two K-bentonite beds 
can only be differentiated, and quite subtly, by Na2O, K2O, and CaO compositions of 
melt inclusions (section 6.4.4, Fig. 6.15). However, apatite chemistry demonstrates a 
clearer distinction between the two K-bentonite beds (section 6.5.2 pg 271, Fig. 6.37). 
This result is reiterated by the Reedsville Antes Shales A-16 bed, which is equivalent to 
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the Manheim K-bentonite (sections 6.4.3 pg 216, 6.4.4 pg 225, 6.5.1 pg 248, and 6.5.2 pg 
271). 
Both melt inclusion as well as apatite signatures of the Davis Cross Road @ 25.25 
m K-bentonite show subtle yet discernable distinctions from the Manheim (including 
Reedsville Antes Shales A-16) and Countryman K-bentonites (sections 6.4.6, 6.4.7, 6.4.8, 
6.5.1 pg 248, 6.5.2 pg 271). The geochemical stories revealed by the chemical 
compositions of both phases are very similar in this case. 
Melt inclusion signature of the Antes Creek @ 34.2 m K-bentonite shows a clear 
distinction from other K-bentonites from the study area (sections 6.4.4 and 6.4.8). 
However, the distinction shown by apatite signature is relatively obscure (section 6.5.1 
pg 248, section 6.5.2 pg 265).  
Melt inclusions from the Reedsville B-10 bed have a unique chemistry (sections 
6.4.3, 6.4.4, 6.4.8), whereas apatites from the K-bentonite fall on the most obscure and 
most difficult-to-fingerprint cluster, compositional cluster-6 (C-6) (section 6.51, pg 248). 
Tazewell @ 35.25 m melt inclusions show a unique chemical signature, 
differentiating it from other K-bentonites clearly (sections 6.4.5, 6.4.8). However, the 
distinction shown by the apatite signature is relatively obscure (section 6.5.1 pg 248, 
section 6.5.2 pg 273, pg 286, and pg 288). 
Strasburg B-7 melt inclusions show relatively clear distinctions from other K-
bentonites based on melt inclusion chemistry (sections 6.4.5, 6.4.8, 6.4.9). However, its 
apatite signature is not usable for correlation. Apatites from Strasburg B-7 K-bentonite 
have extreme low concentrations (near detection limits) for most of the elements and 
oxides analyzed (sections 6.5.1, 6.5.2 pg 301, 302) making the data not as reliable as the 
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melt inclusion data for stratigraphic correlation. Watertown Quarry and Ingham Mills @ 
6.9 K-bentonites from the Mohawk Valley, New York show similar discrepancies 
between the melt inclusion and apatite signatures (sections 6.4.1, 6.4.2, 6.5.1, 6.5.2 pg 
301, 302). 
The Canajoharie B-13 @ 61.85 m (or 61.9 m) K-bentonite shows a relatively 
obscure melt inclusion signature (section 6.4.1, Figures 6.2) while its apatite signature is 
relatively well defined (Figures 6.24, 6.33, 6.35). 
The Steuben B-2 and Titus Ash Mill Creek K-bentonites show major 
discrepancies in melt inclusion and apatite signatures. While Steuben B-2 shows an 
obscure melt inclusion signature, its apatite signature is relatively well defined (sections 
6.4.1, 6.5.1 pg 248, 6.5.2 pg 266, Figures 6.34, 6.35). The Titus Ash Mill Creek bed 
shows a unique apatite signature (Fig. 6.24), while its melt inclusion signature is distinct 
yet somewhat similar to the Canajoharie @ 12 m (Fig. 6.3, section 6.4.1, 6.4.2). 
The Sherman Falls B-1 and Mill Creek Lowville K-bentonites from the Mohawk 
Valley, NY have very similar melt inclusion as well as apatite compositions (sections 
6.4.2 Fig. 6.7, and 6.5.2 Figures 6.33 and 6.35). The subtle differences that discriminate 
these two K-bentonites are the Na2O composition of melt inclusions (Fig. 6.7 D) and the 
SrO composition of apatites (Fig. 6.36). Thus, in this case, the natures of the geochemical 
evidence shown by the two phases are very similar in the sense that both were very subtle 
yet discernible. 
Both melt inclusion and apatite chemistry from the Flat Creek @ 6 m and 
Canajoharie @ 24 m K-bentonites indicate a match between the two K-bentonites and the 
fact that they are distinctly different from other K-bentonites (Figure 6.1, Table 6.1, 
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sections 6.5.1 pg 248, 6.5.2 pg 266). The distinctions are somewhat better discernable 
using apatite chemistry. The compositional cluster (compositional cluster G of Fig. 6.1, 
Table 6.1), formed by melt inclusions, overlap with the Deicke compositional cluster 
(Fig. 6.17), whereas, the apatite compositional cluster, C-3, is unique (Fig. 6.24). 
The Canajoharie B-16 @ 65.5 m K-bentonite contains melt inclusions 
(Dannenmann, 1997) as well as apatites (Figures 6.33, 6.35) with bimodal compositions. 
Otsquago @ Spring Street (Fig. 6.24), Titus Ash Mill Creek (Fig. 6.24), and Canajoharie 
B-14 @ 63.5 m (Fig. 6.29) K-bentonites show bimodality in apatite compositions, but do 
not contain melt inclusions with bimodal compositions. 
The Canajoharie B-17 @ 67 m (Fig. 6.2), Quisenberry Road (Figures 6.19, 6.21, 
6.22, 6.23), and Sleepy Hollow (Figures 6.19, 6.21, 6.22, 6.23) K-bentonites contain melt 
inclusions with bimodal compositions, but do not contain apatites with bimodal 
compositions. 
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6.6.3 Usability of Melt Inclusion and Apatite Chemistry in Discriminating Closely  
Spaced K-bentonites within a Section or K-bentonites with Similar Chemical 
Signatures 
 
It was suggested in Chapter 5 (sections 5.3.4.3 and 5.5) that apatite chemistry 
might not be as effective as melt inclusion chemistry in discriminating closely spaced K-
bentonites from a stratigraphic section. In this chapter, apatite signature from about 80 K-
bentonites and melt inclusion signatures from about 60 K-bentonites were studied. 
Several of these studied K-bentonites occur closely spaced within a stratigraphic section 
(see Chapter 2) creating a sizable information base for disproving or confirming the 
finding of Chapter 5.  
It was observed that melt inclusion data from the Canajoharie 13 @ 61.85 m or 
61.9 m K-bentonites might not be usable for correlation purpose (section 6.4.1). In 
contrast, apatites from several K-bentonites from New York (e.g., Canajoharie B-17, City 
Brook @ 2 m, City Brook @ 5.6 m, Ingham Mills @ 19.7 m, Ingham Mills @ 6.9 m, 
Ingham Mills @ 6.3 m, Ingham Mills @ -3.9 m, Ingham Mills @ -5.2 m, Ingham Mills 
@ -4.5 m, and Watertown Quarry) and Virginia (e.g., Strasburg @ 72 m and Strasburg @ 
76.72 m) were found unusable for correlation (section 6.5.2 pg 255, 301, 302). 
It was also observed that melt inclusions and apatites from several K-bentonites 
fall on a common compositional cluster. Out of the seventeen melt inclusion 
compositional clusters presented in Figure 6.1 and Table 6.1, melt inclusion data from 
several K-bentonites fell on compositional clusters E, F, I, J, O, and P mainly (section 
6.4). For apatites, the most common compositional clusters were C-6 comprising more 
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than twenty separate K-bentonites, and C-7 comprising 14 K-bentonites (section 6.5.1). It 
was also observed that while most of the melt inclusion compositional clusters comprise 
correlated K-bentonites, the apatite compositional clusters were more arbitrary and 
required rigorous analyses to differentiate or establish correlation among the K-bentonites 
that form the compositional clusters. Even after intensive graphical analysis, it was 
impossible to differentiate several closely spaced K-bentonites. In addition, the 
differentiations suggested in some cases were quite subtle (section 6.5.2). Above findings 
and observations from Chapter 5 indicate that melt inclusion chemistry might be a better 
tool for differentiating closely spaced K-bentonites than apatite chemistry. 
 
Table 6.2  New geochemical correlations identified through this study within the 
Mohawk Valley, NY. 
 Trenton 
Falls 
Rathbun 
Brook 
City 
Brook 
Roaring 
Brook 
Mill Creek, 
Lowville 
Chuctanunda 
Creek 
The 
“Kay 
Ash” K-
bentonite 
“High Falls 
Ash” 
@ 40.2 m @ 8.8 m   @ 36 m 
Unknown    @ 31.7 m @ 49.5 m  
 
 
 Table 6.3  New inter-regional geochemical correlations identified through this study. 
 
 Black River 
Valley, NY 
Mohawk Valley, NY Antes Gap, PA Oak Hall, 
PA 
Reedsville, 
PA 
Strasburg, 
VA 
Frankfort, 
KY 
Boonesborough, 
KY 
Unknown       Sleepy 
Hollow 
Branch 
Quisenberry 
Road 
Compositional 
Cluster F of 
Fig. 6.1 
 Dolgeville Dam @ 15.0 m, 
Nowadaga “B1X”, 
Otsquago (Trespassers) @ 
31.0 m 
Antes Creek @ 
12.35 m 
     
The 
“Manheim 
Ash” K-
bentonite 
 E. Canada @ -10 m, West 
Crum “B0”, Nowadaga 
“B0”, Myers Road “MD2”, 
Thruway MP 213.07 @ -5 
ft, Smalls Bush 29.5 m, 
County Home South 
  Reedsville 
Antes Shale  
A-16 
   
Compositional 
Cluster P of 
Fig. 6.1 
 E. Canada @ 19.8 m, 
Nowadaga “B minus 3”, 
Myers Road “MD1”, South 
Flat “BXX+4”, Otsquago 
(Trespassers) @ 2.5 m 
  Reedsville 
Antes Shale  
A-15 
   
Unknown   Route 880 @ 
8.2 m 
 Reedsville 
B-11 
Strasburg 
@ 59.87 m 
  
The Millbrig Hounsfield 
K-bentonite 
       
The Deicke     Reedsville 
B-2 
Strasburg 
B-4 
  
Unknown    Oak Hall B 
minus 1 
Reedsville 
B-1 
Strasburg 
B-3 
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6.7 CONCLUSIONS 
 
The following conclusions were drawn from this study: 
1. The Reedsville Antes Shale A-16 K-bentonite from Reedsville, Pennsylvania is 
equivalent to the Manheim K-bentonite of the Mohawk Valley, New York 
comprising E. Canada @ -10 m, West Crum “B0”, Nowadaga “B0”, Myers Road 
“MD2”, Thruway MP 213.07 @ -5 ft, Smalls Bush 29.5 m, and County Home 
South K-bentonites. This correlation is based on melt inclusion as well as apatite 
chemistry. 
2. The Reedsville Antes Shale A-15 K-bentonite from Reedsville, Pennsylvania is 
equivalent to the East Canada K-bentonite (compositional cluster P - Fig. 6.1 and 
Table 6.1) of the Mohawk Valley, New York comprising E. Canada @ 19.8 m, 
Nowadaga “B minus 3”, Myers Road “MD1”, South Flat “BXX+4”, Otsquago 
(Trespassers) @ 2.5 m K-bentonites. This correlation is based on melt inclusion 
chemistry. 
3. The Antes Creek @ 12.35 m K-bentonite from Antes Gap, Pennsylvania is 
equivalent to compositional cluster F (Fig. 6.1 and Table 6.1) of the Mohawk 
Valley, New York comprising Dolgeville Dam @ 15.0 m, Nowadaga “B1X”, 
Otsquago (Trespassers) @ 31.0 m K-bentonites. This correlation is based on melt 
inclusion chemistry. 
4. The Reedsville B-1 K-bentonite form Reedsville, Pennsylvania, Oak Hall B 
minus 1 K-bentonite from Oak Hall, Pennsylvania, and Strasburg B-3 K-bentonite 
from Strasburg, Virginia, are equivalent geochemically. These K-bentonites are 
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below the Deicke K-bentonite Bed in Reedsville and Strasburg section, making 
this correlation the oldest correlated K-bentonite isochron established during this 
study. This correlation is based on apatite chemistry. 
5. The Route 880 @ 8.2 m from Antes Gap, Pennsylvania, the Reedsville B-11 from 
Reedsville, Pennsylvania, and the Strasburg @ 59.87 m from Strasburg, Virginia, 
K-bentonites are equivalent geochemically. This correlation is based on apatite 
chemistry. 
6. The Reedsville B-10, Antes Gap @ 8.2 m, and Union Furnace @ 102 m K-
bentonites had been correlated as “B-R” by Thompson (1963). This study shows, 
although, there are some general similarities among the three K-bentonites based 
on apatite chemistry, these are dissimilar K-bentonite layers geochemically. This 
result refutes Thompson’s (1963) correlation and calls for a re-evaluation of the 
“B-R” horizon as a major marker for correlation. It can be hypothesized, that the 
correlated K-bentonite bed comprising the Antes Gap @ 8.2 m, Reedsville B-11, 
and Strasburg @ 59.87 m K-bentonites, should replace “B-R” (Thompson, 1963) 
as a more effective marker horizon for regional correlation. 
7. The Strasburg B-4 K-bentonite from Strasburg, Virginia is equivalent to the 
Deicke K-bentonite Bed. K-bentonites Reedsville B-2 from Reedsville, 
Pennsylvania and the reported Deicke from Hagan, Virginia were used as 
representative of the Deicke Bed to test this correlation. This correlation is based 
on melt inclusion as well as apatite chemistry. 
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8. During the comparison of melt inclusion and apatite chemistry of K-bentonites 
throughout the study area, it was also noted, that the Deicke K-bentonite does not 
occur in New York. 
9. The Quisenberry Road K-bentonite from Kentucky is equivalent to the Sleepy 
Hollow K-bentonite, also from Kentucky. This correlation is based on melt 
inclusion as well as apatite chemistry.  
10. It was observed that Reedsville Antes Shale @ 72.3 m K-bentonite from 
Reedsville, Pennsylvania is almost equivalent to the Quisenberry Road and 
Sleepy Hollow K-bentonites from Kentucky. The only discriminating factor is the 
presence of melt inclusions with bi-modal compositions in the latter two K-
bentonites. 
11. The Chuctanunda @ 36 m K-bentonite from the Mohawk Valley, New York is 
equivalent to the “Kay Ash” (compositional cluster L Fig. 6.1 and Table 6.1) of 
the Mohawk Valley, New York comprising the “High Falls Ash” at Trenton Falls, 
City Brook @ 8.8 m, and Rathbun @ 40.2 m K-bentonites. This correlation is 
based on identical CaO, MnO, TiO2, Cl, MgO and FeO compositions of melt 
inclusions. 
12. The Mill Creek Lowville @ 49.5 m K-bentonite from the Mohawk Valley, New 
York is equivalent to the Roaring Brook @ 31.7 m K-bentonite, also from the 
Mohawk Valley, New York. This correlation is based on melt inclusion 
chemistry. 
13. It was also noted that the Mill Creek Lowville @ 49.5 m K-bentonite from the 
Mohawk Valley, New York is almost equivalent to the Sherman Falls B-1 K-
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bentonite from the Mohawk Valley, New York. The discriminating factors are 
subtle differences in Na2O composition of melt inclusions and on the SrO 
composition of apatites. 
14. The melt inclusion-based correlation between the Flat Creek @ 6 m and 
Canajoharie @ 24 m beds was tested using apatite chemistry. Apatite chemistry 
corroborates the melt inclusion-based correlation, indicating a confident match.  
15. Apatite chemistry demonstrates a 100% agreement with melt inclusion chemistry-
based correlations where applicable. However, it was also noted that melt 
inclusion chemistry might be more effective tool for differentiating closely spaced 
K-bentonites within a section. This is especially true when the apatites contain 
lower concentrations of major and minor elements. 
16. By establishing and reconfirming several K-bentonite correlations based on 
apatite as well as melt inclusion chemistry, the research goals (section 6.2) of this 
study were fulfilled.  
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6.8 FUTURE RESEARCH DIRECTIONS 
 
In this dissertation, an attempt was made to extend the existing precise 
chronostratigraphic correlation scheme along the Taconic foreland basin and the cratonic 
interior based on K-bentonite isochrons. An attempt was made to establish additional K-
bentonite correlations for the upper Middle Ordovician rocks throughout the study area. 
In addition, it was attempted to make this dissertation a comprehensive guide to other 
students in this field. This study can be called a work in progress, and the dissertation 
records all the procedures, data, observations, results, and conclusions, including the 
predicaments and challenges utilizing the approach taken. 
This study established successfully several inter- and intra-regional correlations 
based on melt inclusion and apatite chemistry-defined K-bentonite isochrons. However, 
to better understand the relationships among the upper Middle Ordovician rocks from the 
proposed study area, additional K-bentonite timelines must be established.  
It was observed that melt inclusions are better tools for differentiating closely 
spaced K-bentonites. But, the closely spaced K-bentonites from outside New York did 
not produce enough melt inclusion-bearing quartz phenocrysts, whereas apatite 
phenocrysts were abundant in these K-bentonite layers. It is suggested that all major K-
bentonites from New York that already have melt inclusion fingerprints should be 
fingerprinted using apatites and compared with the apatite signatures from other localities 
established during this study. This dissertation attempted to fingerprint some of the key 
K-bentonite horizons from New York; additional work will be necessary for a more 
complete study.  
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The following approaches are suggested for future geochemical studies for 
establishing additional K-bentonite isochrons to correlate upper Middle Ordovician 
rocks: 
 Learn and improve the high-precision EMA techniques discussed in Chapter 3 
and/or develop better techniques for geochemical analysis to utilize the melt 
inclusion and apatite tools and the existing data. 
 Revisit K-bentonites from the upper Middle Ordovician rock succession in the 
New York State and the southern Ontario regions, the type succession of the 
Middle Ordovician in North America, that already have melt inclusion signatures 
for establishing apatite signatures and vice versa. 
 Revisit the key K-bentonites from the same localities as this study and collect K-
bentonites from additional localities from Taconic foreland basin and cratonic 
interior for establishing apatite as well as melt inclusion signatures. 
 While it is tempting to look for other phenocrysts phases e.g., biotite etc. as an 
alternative tool for correlation, care must be taken since all these K-bentonites 
need to be studied for the new phases from the scratch. Restricting to the phases 
for which data exist is probably a better strategy.  
 Communicate, collaborate, contribute – this is a suggestion to the future students 
in this field. Sharing existing data and information that is not available easily or 
published can further improve the understanding of the science discussed here. 
Strategic collaboration along with an inter-disciplinary approach is the key to 
success. 
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APPENDIX I 
MOHAWK VALLEY LOCALITIES AND STRATIGRAPHIC SECTIONS 
 
The localities are described as numbered in Figure 2B (below). These are 
previously described outcrops (Goldman et. al., 1994, 1999; Kay, 1935; Schopf, 1966). 
The stratigraphic sections are identified by their Universe Transverse Mercator (UTM) 
Grids on the USGS 7.5 minute topographic maps wherever possible. The stratigraphic 
sections were obtained from Charles E. Mitchell and Michael P. Joy. 
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1 = Trenton Falls; 2 = Rathbun Brook; 3 = Wolf Hollow Creek (Cr); 4 = Countryman Cr; 
5 = Myer’s Road (North Cr); 6 = Smalls Bush Road (North Cr); 7 = Ingham Mills; 8 = 
East Canada Cr; 9 = West Crum Cr; 10 = NYS Thruway; 11 = Nowadaga Cr; 12 = 
Otsquago Cr; 13 = Canajoharie Cr; 14 = Flat Cr; 15 = South Branch Flat Cr. 
[Note: Ash means K-bentonite].
348 
(1) Trenton Falls on West Canada Creek: Remsen 7.5' Quadrangle. Starts: 4,790,732N, 
487,049E; Ends: 4,791,902N, 487,488E (locality 11 of Goldman et. al., 1994). 
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(2) Rathbun Brook: Newport 7.5' Quadrangle. 
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(3) Wolf Hollow Creek: Middleville 7.5' Quadrangle. Starts: 4,778,927N, 501,488E; 
Ends: 4,779,281N, 502,281E (City Brook, locality 10 of Goldman et. al., 1994). 
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(4) East-flowing tributary of West Canada Creek: Ilion and Herkimer 7.5' Quadrangle. 
Starts: 4,771,049N, 500,415E; Ends: 4,771,463N, 499,366E (Countryman Creek, locality 
9 of Goldman et. al., 1994). 
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352 
(5) Southwest-flowing tributary of North Creek parallel to Myers Road: Herkimer 7.5' 
Quadrangle. 
 
Alternating Shale 
and Limestone 
Disturbed Bedding 
Black Shale 
Calcareous Shale 
353 
(6) North Creek tributary along Smalls Bush Road: Herkimer 7.5' Quadrangle. 
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(7) Ingham Mills: Little Falls 7.5' Quadrangle (locality 1 of Schopf, 1966). 
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(8) East Canada Creek: Little Falls 7.5' Quadrangle. Starts: 4,770,463N, 518,927E; Ends: 
4,770,781N, 519,024E. 
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(9) West Crum Creek: 
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(10) Outcrops along NYS Thruway between mileposts 212 and 214: Little Falls 7.5' 
Quadrangle. 
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(11) Nowadaga Creek: Van Hornsville Quadrangle. Starts: 4,760,171N, 517,293E; Ends: 
4,757,976N, 514,195E. 
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(12) Otsquago Creek: Fort Plain 7.5' Quadrangle. 
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(13) Canajoharie Creek: Canajoharie Quadrangle. Starts: 4,749,354N, 534,951E; Ends: 
4,758,293N, 534,171E. 
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(14) Flat Creek: Canajoharie and Sharon Springs Quads. Starts: 4,747,415N, 539,220E; 
Ends: 4,744,732N, 538,488E. 
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(15) South Branch, Flat Creek: 
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APPENDIX II 
ELECTRON MICROPROBE ANALYSES OF WORKING STANDARDS 
(All data in weight percent, total iron expressed as FeO) 
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List of Working Standards 
 For Biotite: 
1. Kakanui Hornblende – one of the Smithsonian Microbeam Standards 
(Jarosewich, 2002) 
2. Toba Sand – one of the biotites picked from the YTT Toba Sand 
 For Apatite: 
1. Durango Apatite – one of the Smithsonian Microbeam Standards 
(Jarosewich, 2002) 
2. Deicke (DK-2) -  
3. Deicke (DK-7) -  
4. Otsquago (OTS-1) -  
5. Otsquago (OTS-5) -  
 For Rhyolitic Glass: 
1. Yellowstone Rhyolitic Glass – one of the Smithsonian Microbeam 
Standards (Jarosewich, 2002) 
2. Otsquago – 
3. Toba New (GS) -  
4. Toba Old (Melt) –  
5. Esopus (New) –  
6. Esopus (Old) –  
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Table II-a Kakanui Hornblende Standard (Jarosewich, 2002). A hornblende analyzed 
during every session of biotite analysis. The numbers in the first column represents a 
different session 
 SiO2 Al2O3 TiO2 MgO FeO MnO CaO Na2O K2O Cl 
1 39.600 14.297 4.610 12.754 10.812 0.073 10.143 2.698 2.067 0.013
1 39.499 14.273 4.702 12.822 10.885 0.091 10.233 2.707 2.122 0.026
1 39.469 14.357 4.611 12.755 10.765 0.085 10.173 2.699 2.126 0.027
1 39.613 14.376 4.782 12.750 10.772 0.118 10.120 2.717 2.123 0.032
2 39.510 14.480 4.850 12.660 10.980 0.096 10.270 2.740 2.042 0.041
3 39.970 14.260 4.800 12.800 10.810 0.093 10.130 2.780 2.049 0.022
3 39.630 14.050 4.890 12.760 11.020 0.119 10.070 2.730 2.023 0.026
4 39.790 14.210 4.720 12.750 10.810 0.113 10.010 2.730 2.085 0.015
4 39.560 14.310 4.900 12.790 10.950 0.078 10.100 2.635 2.064
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Table II-b Individual Biotite Analyses of Toba Sand (YTT) used for comparing the data 
from Kakanui Hornblende Working Standard 
SiO2 Al2O3 TiO2 MgO FeO MnO CaO Na2O K2O Cl 
34.600 13.610 3.510 8.760 24.040 0.611 0.013 0.426 8.450 0.316
34.590 13.610 3.680 8.830 24.250 0.558  0.381 8.690 0.301
34.510 13.430 3.700 8.900 24.280 0.595  0.381 8.750 0.330
34.530 13.240 3.580 9.190 23.420 0.539  0.464 8.610 0.242
34.900 13.240 3.540 8.710 23.970 0.616 0.018 0.395 8.630 0.306
35.270 13.720 3.990 9.450 23.010 0.467  0.490 8.790 0.209
34.500 13.430 3.840 8.670 24.570 0.560  0.395 8.670 0.281
34.890 13.280 3.500 9.030 24.330 0.523 0.003 0.470 8.660 0.268
34.050 13.170 3.920 8.510 24.450 0.484 0.006 0.332 8.830 0.258
35.240 13.430 3.550 9.190 24.260 0.626 0.012 0.521 8.570 0.349
35.050 13.410 3.560 9.070 23.810 0.575  0.453 8.600 0.314
35.140 13.270 3.690 9.080 24.280 0.576  0.380 8.570 0.262
34.770 13.410 4.020 8.620 23.730 0.515 0.009 0.376 8.480 0.285
34.720 13.270 3.450 9.090 23.650 0.423  0.478 8.600 0.275
34.690 13.210 3.760 9.200 23.040 0.375 0.004 0.500 8.570 0.246
34.790 13.580 3.930 9.220 23.570 0.363 0.009 0.349 8.530 0.285
34.950 13.150 3.960 8.870 23.990 0.590 0.018 0.483 8.850 0.258
35.180 13.170 3.810 9.010 24.270 0.559 0.007 0.471 8.890 0.301
34.600 13.270 3.620 8.670 24.190 0.554  0.407 8.540 0.355
35.200 13.210 3.790 8.870 24.160 0.524  0.381 8.760 0.269
34.490 13.100 3.660 8.790 24.090 0.529  0.466 8.720 0.273
34.490 13.410 3.740 8.820 24.340 0.578  0.433 8.670 0.243
34.890 13.210 3.550 8.920 24.480 0.568  0.396 8.900 0.301
34.730 13.240 3.600 8.800 24.190 0.597  0.471 8.870 0.313
35.470 13.110 3.570 9.140 24.360 0.548 0.022 0.549 8.930 0.264
35.300 13.260 3.740 9.400 23.760 0.430  0.516 8.760 0.289
34.450 13.140 3.550 8.570 24.460 0.589  0.379 8.570 0.355
34.910 13.480 3.810 9.130 23.220 0.353  0.472 8.500 0.242
34.820 13.140 3.400 8.900 24.480 0.569 0.009 0.513 8.750 0.287
35.170 13.380 3.590 9.320 22.990 0.382 0.023 0.475 8.750 0.247
34.750 13.220 3.810 8.720 24.940 0.572  0.401 8.560 0.298
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Table II-c Yellowstone Rhyolite Standard (Jarosewich, 2002). A rhyolitic glass analyzed 
during some sessions of glass analyses between 1992 and 1999 
 Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO
1992-1993     0.069 0.111   0.034 1.138
1992-1993     0.075 0.111   0.032 1.191
1992-1993     0.077 0.099   0.033 1.169
1992-1993     0.076 0.099   0.027 1.120
1992-1993     0.074 0.108   0.033 1.142
1992-1993     0.076 0.114   0.032 1.174
1992-1993     0.081 0.102   0.036 1.060
1992-1993     0.070 0.106   0.034 1.086
1992-1993     0.064 0.103   0.032 1.159
1992-1993     0.080 0.100   0.035 1.102
1992-1993     0.069 0.099   0.033 1.300
1992-1993     0.081 0.097   0.040 1.175
1992-1993     0.064 0.111   0.031 1.157
1992-1993     0.082 0.112   0.031 1.178
1992-1993     0.098 0.113   0.026 1.166
1992-1993     0.097 0.112   0.027 1.067
02/29/1996 4.07 76.24 12.18 5.02 0.073 0.121 0.453 0.030 0.038 1.186
10/01/1999 4.05 76.87 12.07 4.91 0.064 0.099 0.430 0.034 0.033 1.116
10/01/1999 4.04 76.81 12.10 4.89 0.070 0.098 0.430 0.023 0.035 1.189
11/20/1999 4.05 76.87 12.07 4.91 0.073 0.097 0.414 0.018 0.033 1.151
11/20/1999 4.04 76.81 12.10 4.89 0.068 0.099 0.427 0.022 0.033 1.165
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Table II-d New Toba Glass Standard. A rhyolitic glass shard from Toba Sand (YTT) 
analyzed during every session of glass analyses between 10/1998 and 12/1999 
 Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO
10/24/98 3.45 77.87 12.32 5.13 0.048 0.144 0.703 0.083 0.047 0.864
10/24/98 3.45 77.87 12.32 5.13 0.029 0.147 0.692 0.078 0.051 0.870
11/22/98 3.45 77.87 12.32 5.13 0.042 0.150 0.695 0.081 0.046 0.875
12/06/98 3.45 77.87 12.32 5.13 0.041 0.140 0.692 0.085 0.048 0.872
12/24/98 3.45 77.87 12.32 5.13 0.041 0.140 0.713 0.084 0.048 0.863
12/26/98 3.45 77.87 12.32 5.13 0.047 0.145 0.702 0.077 0.047 0.853
12/31/98 3.45 77.87 12.32 5.13 0.043 0.147 0.675 0.079 0.048 0.864
01/03/99 3.45 77.87 12.32 5.13 0.040 0.150 0.699 0.077 0.048 0.853
01/17/99 3.45 77.87 12.32 5.13 0.042 0.154 0.710 0.076 0.046 0.858
01/30/99 3.45 77.87 12.32 5.13 0.047 0.149 0.712 0.081 0.047 0.863
02/07/99 3.45 77.87 12.32 5.13 0.042 0.150 0.690 0.066 0.052 0.871
02/15/99 3.45 77.87 12.32 5.13 0.039 0.148 0.695 0.082 0.046 0.882
02/20/99 3.45 77.87 12.32 5.13 0.043 0.147 0.690 0.074 0.048 0.860
02/27/99 3.45 77.87 12.32 5.13 0.040 0.144 0.699 0.070 0.049 0.873
03/20/99 3.37 75.77 12.49 5.27 0.045 0.150 0.697 0.077 0.046 0.874
03/28/99 3.37 75.77 12.49 5.27 0.035 0.153 0.703 0.077 0.047 0.882
04/25/99 3.37 75.77 12.49 5.27 0.035 0.152 0.709 0.078 0.051 0.860
05/15/99 3.37 75.77 12.49 5.27 0.038 0.157 0.707 0.083 0.046 0.882
05/23/99 3.37 75.77 12.49 5.27 0.034 0.153 0.704 0.088 0.049 0.880
06/19/99 3.37 75.77 12.49 5.27 0.027 0.155 0.718 0.076 0.047 0.886
06/27/99 3.40  12.35  0.037 0.149 0.682 0.070 0.047 0.867
07/04/99 3.31 75.14 12.32 5.10 0.031 0.153 0.656 0.079 0.046 0.856
08/07/99 3.31 75.14 12.32 5.10 0.038 0.148 0.685 0.080 0.047 0.873
09/13/99 3.31 75.14 12.32 5.10 0.040 0.147 0.678 0.076 0.047 0.833
09/19/99 3.31 75.14 12.32 5.10 0.032 0.151 0.696 0.079 0.048 0.862
10/01/99 3.31 75.14 12.32 5.10 0.044 0.155 0.692 0.079 0.047 0.862
11/20/99 3.25 76.66 12.34 5.12 0.038 0.144 0.682 0.080 0.047 0.866
12/10/99 3.25 76.66 12.34 5.12 0.035 0.151 0.694 0.069 0.044 0.844
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Table II-e Old Toba Glass Standard. A single melt inclusion in quartz from Toba Sand 
(YTT) analyzed during every session of glass analyses between 10/1994 and 1/1998 
 Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
10/11/94 3.51 71.49 11.84 4.76 0.049 0.129 0.651 0.058 0.049 0.79 
10/11/94 3.51 71.49 11.84 4.76 0.048 0.13 0.656 0.061 0.051 0.793
10/18/94 3.51 71.49 11.84 4.76 0.041 0.131 0.656 0.065 0.049 0.799
10/18/94 3.51 71.49 11.84 4.76 0.055 0.13 0.637 0.064 0.049 0.81 
10/25/94 3.51 71.49 11.84 4.76 0.047 0.132 0.647 0.063 0.048 0.807
10/25/94 3.51 71.49 11.84 4.76 0.054 0.133 0.656 0.067 0.052 0.812
10/25/94 3.51 71.49 11.84 4.76 0.051 0.136 0.676 0.06 0.052 0.811
11/03/94 3.51 71.49 11.84 4.76 0.042 0.135 0.643 0.062 0.05 0.81 
11/03/94 3.51 71.49 11.84 4.76 0.043 0.134 0.666 0.062 0.051 0.819
11/09/94 3.51 71.49 11.84 4.76 0.051 0.128 0.654 0.064 0.048 0.808
11/09/94 3.51 71.49 11.84 4.76 0.049 0.137 0.647 0.067 0.047 0.812
11/09/94 3.51 71.49 11.84 4.76 0.041 0.126 0.66 0.069 0.051 0.782
11/17/94 3.51 71.49 11.84 4.76 0.052 0.13 0.644 0.06 0.05 0.807
11/17/94 3.51 71.49 11.84 4.76 0.038 0.126 0.647 0.061 0.047 0.798
11/17/94 3.51 71.49 11.84 4.76 0.049 0.134 0.653 0.062 0.051 0.807
11/24/94 3.51 71.49 11.84 4.76 0.043 0.127 0.654 0.053 0.046 0.805
12/30/94 3.51 71.49 11.84 4.76 0.042 0.133 0.669 0.063 0.046 0.818
02/20/95 3.51 71.49 11.84 4.76 0.054 0.129 0.678 0.063 0.05 0.815
03/16/95 3.51 71.49 11.84 4.76 0.052 0.127 0.647 0.039 0.047 0.798
03/27/95 3.51 71.49 11.84 4.76 0.043 0.132 0.673 0.048 0.05 0.814
03/31/95 3.51 71.49 11.84 4.76 0.051 0.127 0.679 0.069 0.051 0.807
05/24/95 3.51 71.49 11.84 4.76 0.055 0.128 0.649 0.059 0.051 0.84 
05/19/95 3.51 71.49 11.84 4.76 0.054 0.128 0.653 0.06 0.048 0.809
02/26/95 3.51 71.49 11.84 4.76 0.043 0.131 0.669 0.069 0.049 0.807
06/05/95 3.51 71.49 11.84 4.76 0.05 0.123 0.645 0.064 0.048 0.788
04/28/95 3.51 71.49 11.84 4.76 0.043 0.126 0.656 0.064 0.051 0.829
07/25/95 3.51 71.49 11.84 4.76 0.048 0.128 0.661 0.055 0.046 0.82 
03/06/96 3.51 71.49 11.84 4.76 0.035 0.135 0.653 0.057 0.047 0.823
03/08/96 3.51 71.49 11.84 4.76 0.053 0.132 0.663 0.064 0.050 0.830
03/30/96 3.51 71.49 11.84 4.76 0.051 0.129 0.672 0.062 0.048 0.841
09/01/96 3.51 71.49 11.84 4.76 0.044 0.123 0.657 0.063  0.823
01/07/97 3.51 71.49 11.84 4.76 0.050 0.123 0.661 0.061 0.050 0.815
03/20/97 3.51 71.49 11.84 4.76 0.049 0.120 0.658 0.068 0.050 0.824
01/24/98 3.51 71.49 11.84 4.76 0.055 0.129 0.693 0.060 0.055 0.824
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Table II-f Otsquago Glass Standard. A single melt inclusion in quartz from the 
Ordovician Otsquago @ Spring Street K-bentonite analyzed during most sessions of glass 
analyses between 10/1994 and 1/1998 
 Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
10/11/94 3.6 73.21 11.63 2.22 0.22 0.265 1.881 0.071 0.255 1.796
10/11/94 3.6 73.21 11.63 2.22 0.225 0.261 1.867 0.068 0.25 1.793
10/18/94 3.6 73.21 11.63 2.22 0.217 0.268 1.846 0.059 0.242 1.817
10/18/94 3.6 73.21 11.63 2.22 0.227 0.258 1.856 0.066 0.246 1.803
10/25/94 3.6 73.21 11.63 2.22 0.218 0.262 1.888 0.075 0.246 1.814
10/25/94 3.6 73.21 11.63 2.22 0.215 0.263 1.883 0.073 0.248 1.818
10/25/94 3.6 73.21 11.63 2.22 0.233 0.275 1.903 0.07 0.25 1.842
11/03/94 3.6 73.21 11.63 2.22 0.232 0.268 1.889 0.072 0.249 1.821
11/03/94 3.6 73.21 11.63 2.22 0.24 0.279 1.859 0.064 0.252 1.84 
11/09/94 3.6 73.21 11.63 2.22 0.221 0.282 1.893 0.061 0.243 1.842
11/09/94 3.6 73.21 11.63 2.22 0.211 0.27 1.856 0.062 0.249 1.829
11/09/94 3.6 73.21 11.63 2.22 0.219 0.269 1.901 0.069 0.248 1.776
11/17/94 3.6 73.21 11.63 2.22 0.211 0.271 1.851 0.07 0.24 1.812
11/17/94 3.6 73.21 11.63 2.22 0.208 0.268 1.846 0.059 0.242 1.796
11/17/94 3.6 73.21 11.63 2.22 0.22 0.277 1.879 0.067 0.246 1.834
11/24/94 3.6 73.21 11.63 2.22 0.217 0.264 1.883 0.064 0.248 1.824
12/30/94 3.6 73.21 11.63 2.22 0.218 0.284 1.903 0.066 0.242 1.847
02/20/95 3.6 73.21 11.63 2.22 0.23 0.267 1.914 0.068 0.247 1.813
03/16/95 3.6 73.21 11.63 2.22 0.213 0.266 1.855 0.054 0.25 1.82 
03/27/95 3.6 73.21 11.63 2.22 0.229 0.264 1.895 0.045 0.247 1.838
03/31/95 3.6 73.21 11.63 2.22 0.213 0.261 1.891 0.07 0.251 1.829
05/24/95 3.6 73.21 11.63 2.22 0.216 0.258 1.87 0.067 0.253 1.871
05/19/95 3.6 73.21 11.63 2.22 0.225 0.273 1.871 0.062 0.243 1.788
02/26/95 3.6 73.21 11.63 2.22 0.205 0.271 1.902 0.048 0.247 1.822
06/05/95 3.6 73.21 11.63 2.22 0.212 0.267 1.852 0.06 0.247 1.807
04/28/95 3.6 73.21 11.63 2.22 0.225 0.264 1.886 0.066 0.249 1.823
07/25/95 3.6 73.21 11.63 2.22 0.227 0.256 1.847 0.072 0.245 1.868
03/06/96 3.6 73.21 11.63 2.22 0.226 0.284 1.914 0.075 0.244 1.872
03/08/96 3.6 73.21 11.63 2.22 0.238 0.283 1.903 0.062 0.255 1.898
03/30/96 3.6 73.21 11.63 2.22 0.222 0.271 1.860 0.062 0.252 1.881
09/01/96 3.6 73.21 11.63 2.22 0.217 0.251 1.860 0.073 0.254 1.815
01/07/97 3.6 73.21 11.63 2.22 0.221 0.262 1.869 0.057 0.249 1.856
03/20/97 3.6 73.21 11.63 2.22 0.220 0.264 1.845 0.068 0.252 1.873
01/24/98 3.6 73.21 11.63 2.22 0.235 0.276 1.907 0.067 0.260 1.839
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Table II-g New Esopus Glass Standard. A single melt inclusion in quartz from the 
Devonian Esopus K-bentonite analyzed during every session of glass analyses between 
10/1998 and 12/1999 
 Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
10/23/98 2.92 75.46 11.77 5.14 0.101 0.023 0.608 0.022 0.030 1.160
10/23/98 2.92 75.46 11.77 5.14 0.116 0.022 0.606 0.034 0.031 1.166
10/23/98 2.92 75.46 11.77 5.14   0.614 0.028 0.029 1.180
11/22/98 2.92 75.46 11.77 5.14 0.102 0.026 0.622 0.022 0.030 1.183
12/06/98 2.92 75.46 11.77 5.14 0.111 0.022 0.614 0.030 0.027 1.160
12/24/98 2.92 75.46 11.77 5.14  0.021 0.618 0.022 0.031 1.143
12/24/98 2.92 75.46 11.77 5.14 0.123 0.020 0.608 0.034 0.028 1.160
12/26/98 2.92 75.46 11.77 5.14 0.118 0.016 0.603 0.028 0.032 1.167
12/31/98 2.92 75.46 11.77 5.14 0.114 0.020 0.594 0.028 0.029 1.164
01/03/99 2.92 75.46 11.77 5.14 0.109 0.027 0.602 0.030 0.030 1.164
01/17/99 2.92 75.46 11.77 5.14 0.109 0.022 0.613 0.033 0.028 1.140
01/30/99 2.92 75.46 11.77 5.14  0.020 0.622 0.015 0.029 1.186
01/30/99 2.92 75.46 11.77 5.14 0.124 0.022 0.620 0.034 0.031 1.167
02/07/99 2.92 75.46 11.77 5.14 0.115 0.023 0.602 0.030 0.033 1.162
02/15/99 2.92 75.46 11.77 5.14 0.112 0.021 0.598 0.029 0.031 1.171
02/20/99 2.92 75.46 11.77 5.14 0.114 0.022 0.605 0.026 0.029 1.159
02/27/99 2.92 75.46 11.77 5.14 0.107 0.022 0.605 0.030 0.028 1.184
03/20/99 2.84 73.42 11.64 5.18 0.098 0.022 0.605 0.030 0.031 1.159
03/28/99 2.84 73.42 11.64 5.18 0.104 0.019 0.589 0.024 0.028 1.172
04/25/99 2.84 73.42 11.64 5.18 0.106 0.021 0.609 0.028 0.029 1.152
05/15/99 2.84 73.42 11.64 5.18 0.101 0.020 0.602 0.032 0.029 1.173
05/23/99 2.84 73.42 11.64 5.18 0.105 0.020 0.623 0.022 0.028 1.164
06/19/99 2.84 73.42 11.64 5.18 0.109 0.024 0.608 0.029 0.028 1.154
06/27/99 2.89 74.34 11.71 5.06 0.103 0.016 0.617 0.032 0.027 1.173
07/04/99 2.89 74.34 11.71 5.06 0.101 0.017 0.572 0.034 0.026 1.162
08/07/99 2.89 74.34 11.71 5.06 0.108 0.015 0.613 0.028 0.029 1.198
09/13/99 2.89 74.34 11.71 5.06 0.109 0.018 0.603 0.030 0.028 1.121
09/19/99 2.89 74.34 11.71 5.06 0.105 0.020 0.609 0.028 0.029 1.171
10/01/99 2.89 74.34 11.71 5.06 0.104 0.020 0.603 0.022 0.028 1.139
11/20/99 2.89 74.34 11.71 5.06 0.109 0.019 0.598 0.028 0.027 1.168
12/10/99 2.89 74.34 11.71 5.06 0.106 0.017 0.609 0.023 0.029 1.148
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Table II-h Old Esopus Glass Standard. A single melt inclusion in Quartz from the 
Devonian Esopus K-bentonite analyzed during every session of glass analyses between 
10/1994 and 1/1998 
 Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO
10/11/94 2.82 75.16 11.89 5.01 0.118 0.02 0.704 0.03 0.032 1.237
10/11/94 2.82 75.16 11.89 5.01 0.122 0.02 0.658 0.03 0.029 1.208
10/18/94 2.82 75.16 11.89 5.01 0.119 0.019 0.676 0.03 0.029 1.265
10/18/94 2.82 75.16 11.89 5.01 0.12 0.017 0.67 0.037 0.029 1.264
10/25/94 2.82 75.16 11.89 5.01 0.116 0.022 0.66 0.019 0.029 1.245
10/25/94 2.82 75.16 11.89 5.01 0.122 0.019 0.66 0.031 0.029 1.249
10/25/94 2.82 75.16 11.89 5.01 0.126 0.02 0.678 0.03 0.033 1.261
11/03/94 2.82 75.16 11.89 5.01 0.127 0.017 0.676 0.04 0.029 1.248
11/03/94 2.82 75.16 11.89 5.01 0.119 0.019 0.659 0.025 0.029 1.256
11/09/94 2.82 75.16 11.89 5.01 0.115 0.017 0.674 0.031 0.028 1.241
11/09/94 2.82 75.16 11.89 5.01 0.119 0.02 0.67 0.033 0.03 1.245
11/09/94 2.82 75.16 11.89 5.01 0.114 0.02 0.667 0.036 0.032 1.215
11/17/94 2.82 75.16 11.89 5.01 0.116 0.018 0.667 0.038 0.027 1.222
11/17/94 2.82 75.16 11.89 5.01 0.117 0.02 0.669 0.03 0.029 1.247
11/17/94 2.82 75.16 11.89 5.01 0.124 0.021 0.672 0.032 0.03 1.261
11/24/94 2.82 75.16 11.89 5.01 0.121 0.019 0.666 0.034 0.028 1.259
12/30/94 2.82 75.16 11.89 5.01 0.111 0.017 0.681 0.037 0.028 1.256
02/20/95 2.82 75.16 11.89 5.01 0.125 0.019 0.684 0.034 0.031 1.282
03/16/95 2.82 75.16 11.89 5.01 0.109 0.015 0.696 0.026 0.029 1.256
03/27/95 2.82 75.16 11.89 5.01 0.127 0.018 0.691 0.034 0.027 1.296
03/31/95 2.82 75.16 11.89 5.01 0.119 0.017 0.674 0.04 0.029 1.276
05/24/95 2.82 75.16 11.89 5.01 0.11 0.017 0.651 0.029 0.029 1.266
05/19/95 2.82 75.16 11.89 5.01 0.117 0.022 0.667 0.033 0.028 1.247
02/26/95 2.82 75.16 11.89 5.01 0.112 0.019 0.674 0.023 0.03 1.252
06/05/95 2.82 75.16 11.89 5.01 0.107 0.019 0.649 0.028 0.028 1.218
04/28/95 2.82 75.16 11.89 5.01 0.114 0.03 0.674 0.038 0.029 1.287
07/25/95 2.82 75.16 11.89 5.01 0.117 0.018  0.02 0.026 1.25
03/06/96 2.82 75.16 11.89 5.01 0.125 0.027  0.020 0.026 1.218
03/08/96 2.82 75.16 11.89 5.01 0.132 0.019 0.620 0.031 0.031 1.322
09/01/96 2.82 75.16 11.89 5.01 0.113 0.017    1.194
09/01/96 2.82 75.16 11.89 5.01 0.118 0.019  0.025 0.031 1.181
01/07/97 2.82 75.16 11.89 5.01 0.129 0.025     
01/07/97 2.82 75.16 11.89 5.01 0.132 0.024 0.626 0.036 0.027 1.324
03/20/97 2.82 75.16 11.89 5.01 0.112 0.019  0.029 0.032 1.226
01/24/98 2.82 75.16 11.89 5.01 0.125 0.021  0.028 0.028 1.230
 
373 
Table II-i Durango Apatite Standard (Jarosewich, 2002). An apatite analyzed during 
most sessions of apatite analyses between 8/1997 and 11/1999 
 CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
08/14/97 55.96 0.323 0.009 0.045 42.15  3.53 0.304 0.355  
08/14/97 55.86 0.252 0.007 0.036 42.82  4.48 0.317 0.319  
09/28/97 54.78 0.312 0.009 0.041 40.46 0.004 4.76 0.348 0.374  
10/02/97 54.97 0.314 0.010 0.046 41.33 0.005 4.97 0.347 0.370 0.077
10/02/97 55.98 0.329 0.009 0.039 41.58 0.006 4.26 0.332 0.389 0.075
10/02/97 55.70 0.324 0.011 0.038 41.31 0.005 4.86 0.344 0.366 0.078
10/11/97 54.67 0.326 0.009 0.038 41.53  4.94 0.357 0.370 0.074
10/11/97 54.77 0.321 0.011 0.042 41.69  4.53 0.354 0.373 0.077
10/25/97 55.06 0.323 0.008 0.040 39.80  4.48 0.342 0.369 0.077
10/25/97 54.73 0.318 0.008 0.042 40.20  4.59 0.333 0.298 0.064
11/05/97 54.08 0.312 0.008 0.041 40.47  4.24 0.359 0.383 0.075
11/05/97 53.86 0.264 0.009 0.038 40.60  4.34 0.327 0.345 0.069
11/05/97 54.14 0.265 0.008 0.034 40.52  4.06 0.304 0.357 0.070
01/09/98 54.72 0.295 0.012 0.041 40.54 0.003 4.29 0.355 0.389 0.076
01/09/98 53.88 0.243 0.009 0.037 40.15  4.48 0.322 0.341 0.065
01/09/98 54.11 0.293 0.014 0.041 40.43 0.004 4.19 0.369 0.377 0.078
01/19/98 54.37 0.239 0.011 0.038 40.92  3.25 0.315 0.349 0.070
01/19/98 53.81 0.294 0.010 0.043 39.54 0.003 4.13 0.352 0.364 0.066
01/19/98 54.37 0.234 0.009 0.038 40.11 0.000 3.72 0.295 0.326 0.063
02/23/98 54.10 0.293 0.009 0.041 41.03 0.008 4.51 0.342 0.357 0.063
02/23/98 54.54 0.296 0.012 0.053 40.85 0.008 4.43 0.342 0.357 0.068
02/23/98 53.89 0.305 0.010 0.043 40.68 0.007 3.44 0.309 0.376 0.067
02/28/98 53.89 0.309 0.007 0.042 40.50 0.005 4.51 0.317 0.370 0.067
02/28/98 54.08 0.312 0.010 0.049 39.64 0.007 4.61 0.315 0.370 0.074
02/28/98 54.15 0.253 0.011 0.040 40.24 0.006 4.56 0.298 0.338 0.070
03/08/98 54.35 0.311 0.010 0.041 40.59 0.005 3.56 0.287 0.363 0.074
03/08/98 54.59 0.312 0.012 0.041 40.42 0.006 3.60 0.310 0.381 0.064
03/08/98 54.07 0.309 0.009 0.041 40.84  4.33 0.321 0.365 0.073
03/16/98 54.25 0.304 0.011 0.062 41.01  3.34 0.281 0.352 0.072
03/16/98 54.59 0.312 0.015 0.062 40.92  2.69 0.248 0.367 0.066
03/16/98 54.15 0.247 0.011 0.038 41.31  4.32 0.312 0.312 0.060
03/22/98 53.91 0.291 0.008 0.042 40.64 0.007 3.17 0.327 0.371 0.071
03/22/98 54.83 0.303 0.018 0.070 41.06 0.008 2.03 0.260 0.370 0.077
03/22/98 53.61 0.297 0.011 0.044 40.21 0.007 4.13 0.358 0.375 0.073
03/29/98 53.70 0.295 0.010 0.045 40.55  2.79 0.278 0.388 0.083
04/05/98 55.16 0.297 0.013 0.046 41.12 0.007 2.59 0.265 0.422  
374 
Table II-i Durango Apatite Standard (Jarosewich, 2002). Continued… 
 CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
04/27/98 53.45 0.292 0.008 0.044 39.92  3.16 0.267 0.395 0.077
04/28/98 54.07 0.242 0.013 0.041 40.36  2.50 0.255 0.354 0.070
05/24/98 54.18 0.194 0.014 0.043 41.98  2.34 0.242 0.349 0.068
05/24/98 52.55 0.251 0.012 0.053 41.31  4.06 0.327 0.361 0.064
06/14/98 53.62 0.311 0.017 0.082 40.19 0.006 2.96 0.268 0.374 0.068
06/14/98 52.22 0.310 0.012 0.044 39.35 0.008 2.64 0.277 0.395 0.072
06/21/98 54.26 0.309 0.009 0.046 40.01 0.008 2.51 0.285 0.396 0.071
06/27/98 54.22 0.321 0.015 0.065 41.28 0.007 2.83 0.275 0.371 0.076
08/02/98 54.77 0.302 0.009 0.051 41.23 0.004 2.79 0.278 0.412 0.064
08/05/98 54.25 0.310 0.009 0.046 40.81 0.005 2.82 0.278 0.414 0.072
08/05/98 55.01 0.309 0.011 0.046 41.15 0.007 3.18 0.296 0.412 0.069
08/15/98 54.46 0.250 0.012 0.053 40.24 0.009 2.76 0.237 0.407 0.068
08/16/98 53.37 0.255 0.012 0.050 40.95 0.004 2.72 0.228 0.353 0.064
08/17/98 54.57 0.257 0.010 0.047 40.14 0.004 2.92 0.242 0.371 0.069
08/19/98 54.46 0.263 0.010 0.042 41.51 0.004 2.93 0.254 0.376 0.069
11/15/98 54.04 0.308 0.009 0.107 40.55 0.001 4.43 0.259 0.419  
11/25/98 54.26 0.298 0.015 0.042 40.64 0.006 2.42 0.267 0.378 0.072
11/25/98 53.67 0.239 0.015 0.036 40.45 0.005 2.62 0.253 0.335 0.073
11/28/98 55.22 0.310 0.012 0.043 40.84 0.007 2.22 0.247 0.368 0.071
12/17/98 53.84 0.307 0.011 0.043 40.53 0.008 2.56 0.289 0.362 0.069
03/14/99 52.90 0.299 0.015 0.048 39.88 0.012 2.81 0.261 0.388 0.070
04/03/99 54.14 0.302 0.012 0.045 41.29 0.009 2.62 0.277 0.416 0.067
04/03/99 55.05 0.248 0.012 0.040 42.26 0.009 2.18 0.227 0.345 0.075
04/18/99 54.90 0.301 0.014 0.044 41.48 0.010 2.54 0.277 0.415 0.078
04/18/99 55.34 0.251 0.008 0.041 42.23 0.009 2.58 0.217 0.368 0.070
04/29/99 55.41 0.308 0.009 0.046 40.84 0.011 2.45 0.253 0.543 0.075
05/08/99 56.05 0.255 0.012 0.042 41.69 0.011 2.50 0.214 0.448 0.071
06/26/99 54.85 0.297 0.013 0.044 41.42 0.011 2.73 0.268 0.461 0.072
06/26/99 56.01 0.305 0.005 0.043 40.98 0.013 2.49 0.259 0.597 0.071
07/10/99 54.81 0.302 0.010 0.043 40.96 0.014 2.52 0.258 0.503 0.072
07/10/99 55.11 0.315 0.012 0.047 40.58 0.012 2.72 0.255 0.628 0.078
07/31/99  0.329 0.013 0.047  0.012  0.258 0.598 0.062
07/31/99  0.323 0.012 0.049  0.009  0.254 0.661 0.068
07/31/99 53.71 0.299 0.009 0.043 40.53 0.012 2.38 0.275 0.492 0.077
07/31/99 51.68 0.316 0.012 0.041 40.27 0.010 2.37 0.261 1.016 0.070
08/08/99 53.24 0.315 0.014 0.045 40.06 0.011 2.53 0.287 0.583 0.079
10/10/99 56.26 0.316 0.010 0.041 41.05 0.012 2.12 0.268 0.668 0.067
10/10/99 55.15 0.234 0.005 0.036 42.25 0.009 2.31 0.277 0.387 0.068
10/17/99 55.23 0.315 0.006 0.050 41.27 0.009 2.08 0.270 0.799 0.069
375 
Table II-i Durango Apatite Standard (Jarosewich, 2002). Continued… 
 CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
10/17/99 54.52 0.231  0.036 40.74 0.010 2.29 0.237 0.424 0.078
11/13/99 54.69 0.271 0.012 0.050 41.38 0.008 1.79 0.273 0.378 0.074
11/13/99 55.45 0.287 0.014 0.052 40.86 0.010 1.79 0.302 0.724 0.066
11/13/99 54.90 0.238 0.010 0.038 41.35 0.010 2.30 0.258 0.426 0.071
11/21/99 56.05 0.332 0.012 0.054 41.76 0.012 2.07 0.261 0.785 0.076
11/21/99 56.08 0.271 0.007 0.040 42.27 0.010 2.36 0.231 0.534 0.071
11/21/99 55.54 0.295 0.010 0.046 42.00 0.010 2.31 0.250 0.380 0.072
11/25/99 56.78 0.307 0.008 0.050 41.44 0.011 1.80 0.308  0.073
11/25/99 56.05 0.240 0.007 0.046 41.27 0.010 2.44 0.302  0.068
11/25/99 56.01 0.266 0.010 0.054 41.53 0.010 1.87 0.289  0.074
11/28/99 55.57 0.310 0.007 0.051 41.32 0.012 1.85 0.306  0.074
11/28/99 55.23 0.248 0.009 0.037 41.84 0.008 2.38 0.262  0.065
11/28/99 55.03 0.276 0.011 0.046 41.82 0.009 2.31 0.272  0.074
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Table II-j OTS-1 Apatite Standard. An apatite phenocryst from the Ordovician Otsquago 
@ Spring Street K-bentonite analyzed during some sessions of apatite analyses between 
8/1997 and 5/1999 
 CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
08/14/97 56.07 0.032 0.132 0.324 43.02 0.092 2.60 1.126 0.174  
08/14/97 56.23 0.031 0.131 0.316 43.01 0.095 2.72 1.102 0.175  
09/28/97 55.75 0.035 0.130 0.320 41.69 0.097 2.66 1.092 0.181  
10/02/97 56.16 0.033 0.129 0.320 42.88 0.099 2.75 1.094 0.193 0.054
11/05/97 54.82 0.030 0.131 0.327 42.17 0.086 2.73 1.098 0.202 0.046
01/19/98 53.76 0.039 0.134 0.322 40.79 0.093 2.58 1.128 0.205 0.043
02/23/98 54.20 0.026 0.130 0.321 41.77 0.103 2.75 1.133 0.212 0.045
03/08/98 54.27  0.131 0.314 40.85 0.097 2.61 1.094 0.221 0.049
03/22/98 53.59 0.033 0.131 0.317 41.69 0.096 2.53 1.146 0.198 0.043
05/25/98 52.89  0.131 0.320 41.57 0.088 2.61 1.092 0.185 0.042
06/21/98 53.70 0.031 0.130 0.316 41.45 0.083 2.37 1.125 0.179 0.044
08/02/98 52.70 0.033 0.130 0.323 41.45 0.082 2.52 1.115 0.220  
08/17/98 52.81 0.033 0.131 0.323 40.54 0.084 2.50 1.097 0.181 0.045
08/19/98 51.88 0.030 0.131 0.312 40.65 0.082 2.55 1.067 0.163 0.040
11/25/98 53.46 0.030 0.129 0.319 41.45 0.080 2.60 1.120 0.189 0.038
11/28/98 53.78 0.030 0.130 0.314 41.21 0.078 2.54 1.091 0.189 0.041
12/17/98 53.42 0.034 0.129 0.313 41.21 0.085 2.50 1.098 0.174 0.043
12/17/98 53.42 0.034 0.129 0.313 41.21 0.085 2.50 1.098 0.174 0.043
03/14/99 53.03 0.033 0.129 0.322 40.72 0.093 2.52 1.039 0.166 0.040
04/18/99 53.41 0.036 0.137 0.326 42.02 0.090 2.43 1.066 0.166 0.042
04/29/99 54.22 0.035 0.130 0.326 42.26 0.087 2.46 1.062 0.168 0.035
05/08/99 54.02 0.032 0.131 0.323 42.09 0.083 2.85 1.118 0.185 0.036
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Table II-k OTS-5 Apatite Standard. An apatite phenocryst from the Ordovician 
Otsquago @ Spring Street K-bentonite analyzed during some sessions of apatite analyses 
between 8/1997 and 11/1999 
 CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
08/14/97 56.35 0.034 0.132 0.317 43.13 0.090 2.64 1.129 0.167
08/14/97 55.93 0.034 0.130 0.318 42.67 0.094 2.68 1.115 0.159
09/28/97 55.60 0.037 0.132 0.320 41.51 0.098 2.68 1.094 0.179
10/02/97 56.15 0.033 0.133 0.320 42.52 0.096 2.66 1.110 0.177 0.048
10/11/97 55.22 0.035 0.131 0.319 41.82 0.088 2.68 1.124 0.177 0.039
10/25/97 53.82 0.038 0.135 0.322 40.49 0.093 2.60 1.105 0.208 0.040
11/05/97 54.59 0.044 0.135 0.318 42.09 0.086 2.78 1.099 0.174 0.042
01/09/98 54.55 0.039 0.129 0.318 41.25 0.099 2.70 1.132 0.230 0.042
02/28/98 54.05 0.036 0.130 0.317 41.57 0.097 2.83 1.084 0.202 0.047
03/16/98 53.46 0.040 0.128 0.314 42.06 0.086 2.47 1.127 0.177 0.034
04/05/98 53.41 0.029 0.130 0.318 41.52 0.098 2.68 1.106 0.188 0.049
06/14/98 53.43 0.031 0.135 0.318 40.35 0.083 2.51 1.117 0.174 0.045
06/28/98 53.62 0.034 0.128 0.324 41.83 0.085 2.49 1.130 0.158 0.045
08/05/98 52.44 0.032 0.130 0.321 40.67 0.086 2.63 1.102 0.164 0.042
08/15/98 53.16 0.043 0.320 40.88 0.090 2.62 1.044 0.206 0.035
11/15/98 54.30 0.034 0.129 0.319 41.86 0.080 2.38 1.120 0.187 0.045
11/28/98 54.12 0.030 0.131 0.324 42.04 0.082 2.48 1.090 0.189 0.034
03/14/99 53.66 0.029 0.133 0.325 40.96 0.095 2.44 1.040 0.173 0.043
06/26/99 54.24 0.035 0.135 0.331 41.45 0.093 2.37 1.059 0.165 0.043
06/26/99 54.36 0.032 0.127 0.325 41.21 0.089 2.43 1.054 0.169 0.048
07/10/99 53.43 0.035 0.132 0.328 41.78 0.092 2.45 1.058 0.170 0.048
07/31/99 52.07 0.039 0.134 0.339 41.04 0.096 2.46 0.985 0.158 0.045
07/31/99 51.64 0.034 0.133 0.334 41.05 0.093 2.46 1.023 0.188 0.038
08/08/99 52.66 0.039 0.133 0.334 41.51 0.090 2.36 1.089 0.174 0.039
10/10/99 54.51 0.040 0.135 0.330 42.08 0.092 2.34 1.134 0.191 0.042
10/17/99 52.83 0.036 0.130 0.326 41.24 0.088 2.36 1.076 0.191 0.049
10/31/99 53.04 0.036 0.125 0.328 42.20 0.086 2.43 1.102 0.204 0.041
11/13/99 53.09 0.036 0.132 0.330 41.51 0.085 2.41 1.255 0.137 0.046
11/25/99 54.48 0.029 0.128 0.325 41.72 0.083 2.37 1.278 0.037
11/28/99 53.11 0.029 0.130 0.335 41.84 0.081 2.35 1.243 0.053
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Table II-l DK-2 Apatite Standard. An apatite phenocryst from the Ordovician Deicke K-
bentonite analyzed during some sessions of apatite analyses between 8/1997 and 11/1998 
 CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
08/14/97 56.84 0.094 0.061 0.202 43.72 0.096 3.24 0.274 0.131  
08/14/97 56.97 0.100 0.060 0.202 43.15 0.099 3.29 0.275 0.127  
09/28/97 56.16 0.101 0.060 0.206 41.94 0.104 3.14 0.267 0.140  
10/02/97 55.75 0.099 0.060 0.207 42.46 0.109 3.44 0.268 0.149 0.061
10/11/97 55.42 0.092 0.062 0.210 42.38 0.095 3.28 0.275 0.162 0.061
10/25/97 54.50 0.107 0.058 0.202 40.30 0.102 3.41 0.271 0.141 0.065
11/05/97 54.75 0.106 0.062 0.203 41.69 0.094 3.42 0.267 0.148 0.056
01/09/98 54.66 0.095 0.058 0.200 40.78 0.106 3.59 0.269 0.143 0.054
02/28/98 54.09 0.091 0.059 0.202 41.14 0.108 3.36 0.264 0.133 0.058
03/16/98 54.63 0.105 0.061 0.200 41.46 0.086 3.20 0.278 0.146 0.059
03/29/98 53.33 0.089 0.060 0.198 40.85 0.098 3.21 0.270 0.143 0.056
04/27/98 52.83 0.084 0.059 0.210 40.45 0.088 3.27 0.266 0.137 0.056
06/14/98 50.79 0.099 0.062 0.202 39.98 0.111 3.27 0.269 0.134 0.061
06/27/98 54.02 0.088 0.061 0.203 41.76 0.105 3.12 0.277 0.126 0.057
08/05/98 52.55 0.085 0.062 0.200 40.57 0.108 3.20 0.273 0.124 0.052
08/15/98 53.20 0.090 0.060 0.204 41.63 0.106 3.17 0.265 0.151 0.057
08/16/98 52.80 0.091 0.059 0.214 41.31 0.107 3.26 0.253 0.147 0.061
11/15/98 54.53 0.092 0.062 0.201 40.69 0.105 3.23 0.262 0.133 0.057
11/25/98 53.94 0.085 0.063 0.201 41.54 0.110 3.06 0.268 0.128 0.055
11/28/98 54.35 0.085 0.059 0.198 41.85 0.107 3.23 0.257 0.123 0.055
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Table II-m DK-7 Apatite Standard. An apatite phenocryst from the Ordovician Deicke 
K-bentonite analyzed during some sessions of apatite analyses between 8/1997 and 
11/1999 
 CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
08/14/97 56.29 0.075 0.061 0.201 42.74 0.097 3.39 0.271 0.145  
08/14/97 56.21 0.088 0.060 0.210 42.46 0.096 3.49 0.269 0.131  
09/28/97 55.73 0.093 0.061 0.200 41.96 0.102 3.34 0.263 0.143  
10/02/97 55.89 0.078 0.060 0.219 42.48 0.104 3.47 0.264 0.147 0.061
11/05/97 55.19 0.089 0.060 0.201 41.50 0.087 3.30 0.270 0.150 0.062
01/19/98 54.67 0.085 0.062 0.201 40.52 0.096 3.35 0.275 0.143 0.054
02/23/98 55.46 0.075 0.059 0.204 41.87 0.105 3.37 0.276 0.135 0.057
03/08/98 54.95 0.077 0.059 0.196 41.45 0.098 3.21 0.269 0.129 0.055
03/22/98 54.15 0.092 0.059 0.192 40.59 0.101 3.23 0.274 0.126 0.057
05/24/98 53.23 0.030 0.060 0.195 41.88 0.086 3.18 0.272 0.125 0.059
06/22/98 53.57 0.074 0.062 0.201 41.44 0.104 3.17 0.278 0.135 0.058
08/02/98 53.32 0.073 0.063 0.201 41.21 0.103 3.01 0.273 0.131 0.056
08/17/98 53.31 0.086 0.060 0.197 39.91 0.106 3.29 0.264 0.129 0.055
08/19/98 53.32 0.090 0.059 0.204 41.46 0.105 3.35 0.262 0.150 0.059
12/17/98 53.73 0.078 0.060 0.200 40.91 0.108 3.21 0.260 0.140 0.056
03/14/99 53.29 0.076 0.061 0.212 41.17 0.105 3.13 0.253 0.139 0.055
04/03/99 53.66 0.076 0.061 0.202 41.20 0.108 3.02 0.259 0.129 0.059
04/29/99 54.52 0.099 0.059 0.201 42.06 0.106 3.10 0.253 0.125 0.050
05/08/99 54.76 0.076 0.061 0.195 41.38 0.106 3.62 0.280 0.141 0.059
06/26/99 54.93 0.073 0.060 0.218 42.46 0.108 2.93 0.250 0.117 0.062
06/26/99 54.88 0.089 0.058 0.203 41.88 0.106 3.03 0.250 0.111 0.055
07/10/99 53.64 0.079 0.060 0.204 42.25 0.111 2.97 0.254 0.131 0.056
07/31/99 52.34 0.078 0.057 0.207 40.27 0.111 3.19 0.237 0.142 0.053
07/31/99 51.91 0.096 0.061 0.207 41.02 0.109 3.12 0.257 0.118 0.052
08/08/99 52.86 0.097 0.062 0.217 41.01 0.110 2.99 0.262 0.145 0.048
10/10/99 54.37 0.078 0.059 0.201 42.44 0.108 2.90 0.271 0.129 0.048
10/17/99 53.50 0.086 0.061 0.206 41.37 0.107 3.05 0.265 0.156 0.061
10/31/99 53.26 0.088 0.056 0.195 41.49 0.106 3.05 0.269 0.148 0.058
11/13/99 53.18 0.089 0.058 0.233 40.95 0.101 3.11 0.303 0.144 0.056
11/25/99 54.85 0.067 0.059 0.199 41.94 0.099 3.07 0.312  0.060
11/28/99 53.49 0.089 0.051 0.211 41.87 0.097 3.01 0.297  0.065
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APPENDIX III 
ELECTRON MICROPROBE ANALYSES OF TOBA BIOTITE 
(All data in weight percent, total iron expressed as FeO) 
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Table III-a Individual Biotite Analyses of Toba Sand (YTT) 
SiO2 Al2O3 TiO2 MgO FeO MnO CaO Na2O K2O Cl 
34.6 13.61 3.51 8.76 24.04 0.6107 0.0128 0.4262 8.45 0.3156
34.59 13.61 3.68 8.83 24.25 0.5581  0.3808 8.69 0.3011
34.51 13.43 3.7 8.9 24.28 0.595  0.381 8.75 0.33 
34.53 13.24 3.58 9.19 23.42 0.5389  0.4644 8.61 0.2419
34.9 13.24 3.54 8.71 23.97 0.6163 0.0182 0.395 8.63 0.3063
35.27 13.72 3.99 9.45 23.01 0.4665  0.4897 8.79 0.2091
34.5 13.43 3.84 8.67 24.57 0.5602  0.3948 8.67 0.2806
34.89 13.28 3.5 9.03 24.33 0.5234 0.0031 0.4696 8.66 0.2682
34.05 13.17 3.92 8.51 24.45 0.4836 0.0056 0.3315 8.83 0.2576
35.24 13.43 3.55 9.19 24.26 0.6261 0.0116 0.521 8.57 0.3494
35.05 13.41 3.56 9.07 23.81 0.5746  0.4526 8.6 0.3141
35.14 13.27 3.69 9.08 24.28 0.5755  0.3795 8.57 0.2621
34.77 13.41 4.02 8.62 23.73 0.515 0.0091 0.3762 8.48 0.2847
34.72 13.27 3.45 9.09 23.65 0.4226 0.0002 0.4775 8.6 0.2748
34.69 13.21 3.76 9.2 23.04 0.3747 0.0035 0.4996 8.57 0.2458
34.79 13.58 3.93 9.22 23.57 0.3633 0.0089 0.3489 8.53 0.2849
34.95 13.15 3.96 8.87 23.99 0.5902 0.0182 0.4832 8.85 0.2579
35.18 13.17 3.81 9.01 24.27 0.5593 0.0072 0.4708 8.89 0.3009
34.6 13.27 3.62 8.67 24.19 0.5541  0.4066 8.54 0.3554
35.2 13.21 3.79 8.87 24.16 0.5235  0.3813 8.76 0.2694
34.49 13.1 3.66 8.79 24.09 0.5293  0.4662 8.72 0.273 
34.49 13.41 3.74 8.82 24.34 0.5777  0.4332 8.67 0.2428
34.89 13.21 3.55 8.92 24.48 0.5676  0.3963 8.9 0.3008
34.73 13.24 3.6 8.8 24.19 0.5972  0.4711 8.87 0.3134
35.47 13.11 3.57 9.14 24.36 0.5481 0.0219 0.5492 8.93 0.2643
35.3 13.26 3.74 9.4 23.76 0.43  0.5157 8.76 0.2886
34.45 13.14 3.55 8.57 24.46 0.5892  0.3789 8.57 0.3549
34.91 13.48 3.81 9.13 23.22 0.3526  0.4721 8.5 0.2422
34.82 13.14 3.4 8.9 24.48 0.5689 0.0089 0.5132 8.75 0.2871
35.17 13.38 3.59 9.32 22.99 0.3822 0.0234 0.4749 8.75 0.2471
34.75 13.22 3.81 8.72 24.94 0.5721  0.4005 8.56 0.2982
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Table III-b Individual Biotite Analyses of Toba 1575 m (YTT) 
SiO2 Al2O3 TiO2 MgO FeO MnO CaO Na2O K2O Cl 
34.66 13.71 3.86 9.2 23.5 0.4091  0.5863 8.6 0.2719
35.32 13.7 3.66 9.37 23.69 0.3425 0.0074 0.4893 8.94 0.2285
35.64 13.82 3.74 9.31 24.72 0.4338  0.5459 8.84 0.2765
34.52 13.81 3.8 9.01 23.68 0.3398 0.0011 0.5039 8.79 0.2395
33.82 13.64 3.6 9.05 22.8 0.3465 0.0377 0.5373 8.67 0.2629
33.85 13.36 3.7 9.09 23.51 0.3813  0.501 8.81 0.2471
34.15 13.29 3.45 8.68 24 0.5624  0.4997 8.76 0.3176
33.05 13.53 3.72 8.78 23.5 0.3266 0.0065 0.5213 8.58 0.2309
34.73 13.66 3.8 9.24 23.61 0.4366 0.0083 0.607 8.69 0.2739
34.39 13.66 3.57 9.14 23.94 0.3616  0.5392 8.64 0.2872
35.27 13.66 3.86 9.27 24.4 0.4036 0.0408 0.5296 8.69 0.2987
35.07 13.66 3.42 8.87 25.11 0.4251 0.0212 0.5169 8.58 0.2828
35.72 13.63 3.64 9.48 23.47 0.3767  0.5423 8.71 0.2824
34.19 13.85 3.31 9.17 24.33 0.4212  0.5424 8.55 0.2802
35.02 13.81 3.66 9.64 23.63 0.4398  0.516 8.9 0.2131
35.01 14.04 3.73 9.59 23.92 0.3416 0.0147 0.5337 8.68 0.2513
35.04 14.04 3.68 9.59 24.89 0.4498  0.5366 8.85 0.2412
34.39 13.61 3.4 8.9 24.7 0.5146  0.477 8.69 0.1953
34.58 13.69 3.82 9.27 23.89 0.4233 0.001 0.5041 8.79 0.246 
34.78 13.46 3.65 9.66 23.79 0.404  0.4827 9.03 0.199 
34.07 13.32 3.64 9.11 24.28 0.4241  0.478 8.88 0.2012
34.38 13.41 3.77 8.89 24.68 0.4263  0.5341 8.93 0.2653
34.51 13.19 3.34 8.87 24.99 0.5605  0.4848 8.89 0.3009
34.7 13.58 3.77 9.24 23.96 0.3787  0.4543 8.88 0.2385
34.36 13.54 3.62 8.84 25.06 0.5509  0.5193 8.75 0.2984
34.69 13.75 3.92 9.6 23.38 0.4305 0.0018 0.5598 8.78 0.1978
35.03 13.39 3.65 9.51 23.89 0.4182  0.5541 8.97 0.2261
34.58 13.39 3.71 9.33 24.13 0.4322 0.0255 0.4951 9.1 0.222 
35 13.53 4.12 9.6 23.36 0.3833  0.5294 8.96 0.263 
34.69 13.28 3.7 9.46 24.01 0.3997  0.5116 9.04 0.2627
34.86 13.98 3.93 9.46 23.65 0.3854 0.0291 0.4898 8.75 0.2618
34.58 13.72 3.77 9.17 24.08 0.4416  0.5035 8.69 0.264 
34.86 13.58 3.73 9.56 24.25 0.4065  0.5334 8.85 0.2589
34.75 13.81 3.69 9.76 23.29 0.3264  0.5355 8.84 0.2383
34.5 13.46 3.91 9.53 23.6 0.3645 0.0094 0.5448 8.76 0.2687
34.42 13.26 3.67 8.92 24.63 0.5545  0.523 8.67 0.2596
34.63 13.52 3.72 9.52 23.68 0.421 0.0008 0.5172 8.9 0.2687
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Table III-c Individual Biotite Analyses of Toba 1700 m (YTT) 
SiO2 Al2O3 TiO2 MgO FeO MnO CaO Na2O K2O Cl 
34.63 14.07 3.99 10.51 22.06 0.2702 0.0002 0.5902 8.68 0.2101
34.7 13.56 3.66 9.39 23.91 0.4001 0.0202 0.4399 8.65 0.2522
34.7 13.6 3.56 9.23 24 0.4222 0.0095 0.4925 8.72 0.2525
34.88 13.64 3.87 9.1 23.69 0.4079  0.4527 8.71 0.2451
34.84 13.47 3.6 9.56 23.66 0.3577 0.0017 0.4836 8.76 0.276 
34.71 13.71 3.87 9.63 23.3 0.329  0.5009 8.71 0.2313
34.8 14.34 4.02 9.28 22.76 0.3189  0.4839 8.77 0.2203
35.02 13.43 3.81 9.71 23.03 0.3813  0.4676 8.93 0.2287
34.8 13.55 4.32 9.55 22.84 0.3438 0.0067 0.4775 8.91 0.2082
34.3 13.84 4.16 9.5 23.43 0.3782 0.0081 0.4926 8.65 0.2297
34.06 13.77 3.84 9.39 24.02 0.4148 0.0088 0.4666 8.8 0.2369
34.4 13.52 3.76 9.19 24.14 0.4044 0.0051 0.5206 8.8 0.2635
34.54 13.42 3.55 8.9 24.42 0.5334  0.4636 8.88 0.2876
34.29 13.83 3.98 9.54 23.63 0.3644  0.4696 8.66 0.2247
34.85 13.77 3.91 9.63 23.04 0.3479 0.0002 0.5048 8.73 0.2256
34.42 13.97 4.01 9.61 23.3 0.3085  0.5269 8.65 0.2052
34.69 13.28 3.49 8.92 24.26 0.5507 0.0081 0.4658 9 0.329 
34.64 13.67 3.92 9.41 23.52 0.3744  0.4888 8.73 0.2465
34.47 13.69 3.62 9.58 23.79 0.4175  0.449 8.72 0.2679
34.31 14.03 3.98 9.55 23.43 0.3351  0.5018 8.63 0.2295
34.63 13.78 3.9 9.52 23.4 0.3833  0.4452 8.69 0.2499
34.74 13.62 3.47 9.42 23.81 0.3937  0.4636 8.83 0.2645
34.47 14.01 3.78 9.42 23.54 0.4011 0.005 0.5018 8.62 0.2525
34.76 13.82 3.74 9.21 23.79 0.3781  0.4601 8.53 0.3031
35.01 13.86 3.76 9.52 23.13 0.3884 0.0061 0.5407 8.58 0.2024
34.97 13.72 3.71 9.46 23.27 0.3908  0.44 8.79 0.2575
34.52 13.64 3.87 9.82 23.31 0.3691  0.4973 8.76 0.1989
34.46 13.67 4.1 9.83 23.07 0.3088  0.5128 8.84 0.2078
34.42 13.9 4.6 9.52 23.71 0.3558  0.5031 8.57 0.2218
34.33 13.83 4.05 9.63 23.37 0.3267 0.0071 0.5044 8.73 0.2057
34.15 13.91 3.84 9.76 23.51 0.3407  0.5101 8.76 0.2308
33.25 13.79 3.97 9.49 24.5 0.3604  0.5231 8.85 0.2487
34.43 13.56 3.94 9.79 23.38 0.2914  0.538 8.87 0.201 
34.4 14.25 3.95 9.95 22.84 0.2768  0.5682 8.57 0.1865
34.29 13.87 3.71 9.46 23.8 0.3753 0.0134 0.4731 8.75 0.2508
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Table III-d Individual Biotite Analyses of Toba 1630 m (YTT) 
SiO2 Al2O3 TiO2 MgO FeO MnO CaO Na2O K2O Cl 
34.64 13.68 4.01 9.36 22.7 0.3253 0.0105 0.4708 8.65 0.2389
34.64 13.73 3.97 9.43 23 0.3505 0.0045 0.4823 8.67 0.2093
33.91 13.61 3.53 9.48 23.14 0.3948 0.4846 8.84 0.2537
34.66 13.54 3.6 9.23 23.59 0.452 0.5208 8.77 0.2786
34.67 13.89 4.22 9.88 22.04 0.2998 0.5786 8.52 0.186
34.7 13.22 3.3 9.02 24.14 0.509 0.4813 8.84 0.301
34.7 13.61 3.93 9.52 22.75 0.3303 0.4414 8.67 0.2147
34.31 13.37 3.29 8.89 24.06 0.5398 0.4078 8.65 0.2693
34.64 13.53 4.19 9.76 22.35 0.2216 0.5602 9.03 0.2039
34.27 13.32 3.4 9.04 23.97 0.5048 0.0097 0.5027 8.82 0.3113
34.65 13.53 4.19 9.86 21.8 0.2821 0.5975 8.71 0.1787
34.79 13.73 3.88 9.57 22.77 0.3156 0.0082 0.533 8.69 0.2013
34.93 13.77 4.48 9.84 21.78 0.2461 0.5352 8.72 0.2008
34.65 13.4 3.89 9.53 22.79 0.3636 0.4947 8.74 0.2561
35.01 13.91 4.03 9.92 21.97 0.2962 0.5971 8.57 0.1815
34.86 13.6 4.08 9.91 21.62 0.2446 0.0009 0.5558 8.61 0.1908
34.93 13.83 3.91 9.93 22.1 0.2749 0.0121 0.5801 8.69 0.2156
35.08 13.97 3.94 9.95 21.84 0.2477 0.0184 0.5876 8.65 0.2285
35.03 13.63 4.05 9.94 22.07 0.2766 0.5518 8.77 0.1894
34.73 13.65 3.54 9.37 23.1 0.4141 0.002 0.4499 8.7 0.2555
34.79 13.96 4.27 9.54 22.24 0.2602 0.0052 0.5354 8.7 0.1906
34.46 13.15 3.24 8.91 23.89 0.5081 0.4384 8.8 0.2962
34.69 13.32 3.42 9.41 23 0.3803 0.0068 0.4633 8.86 0.269
34.97 13.84 4.22 9.79 22.05 0.3046 0.0086 0.4807 8.67 0.2063
34.14 13.51 3.67 8.65 24.32 0.5184 0.0121 0.4598 8.78 0.1925
34.82 13.19 3.63 9.28 23.72 0.4575 0.4687 8.96 0.2828
34.53 13.37 3.79 9.41 23.17 0.3466 0.0042 0.4998 8.74 0.2301
34.4 13.45 3.88 9.36 23.08 0.3903 0.0081 0.4832 8.73 0.2078
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Table III-e Individual Biotite Analyses of YTT samples from ODP layers A and B 
(Dehn et al., 1991) 
SiO2 Al2O3 TiO2 MgO FeO CaO Na2O K2O 
36.39 14.16 4.31 9.93 21.02 0.05 0.48 8.48 
34.23 15.23 3.71 7.7 24.28 0.04 0.81 8.48 
35.11 14.35 4.02 9.42 22.2 0.05 0.44 8.31 
36.72 13.86 3.73 8.82 24.24 0.01 0.4 9.2 
36.58 14.23 4.06 9.13 23.62 0.01 0.34 9.27 
35.8 14.03 3.85 9.01 23.17 0.03 0.35 9.05 
36.09 14.4 4.66 9.5 21.55 0.02 0.44 8.87 
37.07 14.27 4.49 9.94 21.45 0.01 0.4 9.29 
37.02 13.97 4.12 9.22 21.94  0.35 9.39 
36.15 14.26 4.15 9.23 22.84 0.01 0.35 9.28 
 
 
 
Table III-f Individual Biotite Analysis of MTT samples from ODP layer C 
(Dehn et al., 1991) 
SiO2 Al2O3 TiO2 MgO FeO CaO Na2O K2O 
34.97 14.31 4.77 7.71 23.97 0.03 0.4 8.2 
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Table III-g Individual Biotite Analyses of proximal YTT Pumice 
(Chesner, 1988) 
SiO2 Al2O3 TiO2 MgO FeO MnO CaO Na2O K2O Cl 
35.53 13.6 4.1 9.37 21.66 0.32 0.02 0.46 8.63 0.23 
35.61 13.5 4 9.44 21.61 0.29 0.02 0.45 8.96 0.23 
35.64 13.65 3.99 9.22 21.73 0.31 0.02 0.39 8.59 0.28 
35.78 13.57 3.99 9.31 21.46 0.33 0.01 0.36 8.64 0.25 
34.76 13.01 4.38 8.65 22.81 0.44 0.03 0.5 8.94 0.22 
35.32 13.13 3.62 8.57 22.61 0.55 0.02 0.51 8.86 0.33 
35.53 13.04 3.66 9.02 22.55 0.4 0.03 0.48 8.97 0.28 
35.3 13.1 3.68 9.01 23 0.41 0.09 0.61 9.12 0.29 
35.37 13.67 4.45 9.86 20.62 0.26 0.03 0.45 8.61 0.23 
35.32 13.81 4.49 9.88 20.64 0.3 0.05 0.46 8.73 0.19 
35.22 13.74 4.34 9.88 20.36 0.2 0.05 0.47 8.65 0.18 
34.84 13.46 4.42 9.72 20.25 0.24 0.01 0.44 8.7 0.24 
34.62 13.51 3.93 9.39 21.22 0.37 0.03 0.35 8.83 0.24 
35.17 13.51 3.83 9.68 20.7 0.35 0.09 0.38 8.85 0.25 
35.58 13.69 3.71 9.67 20.5 0.33 0.08 0.38 8.62 0.24 
35.31 13.79 3.88 9.22 21.4 0.34 0.06 0.41 8.75 0.23 
36.78 13.68 3.43 8.95 22.39 0.49 0.05 0.41 8.48 0.31 
35.37 13.27 3.75 8.62 22.84 0.51 0.01 0.39 8.8 0.31 
35.95 13.05 3.6 8.79 22.95 0.49 0.02 0.44 8.92 0.3 
35.45 13.37 3.67 8.66 22.69 0.55 0.02 0.41 8.64 0.28 
35.59 13.52 4.05 9.23 21.82 0.37  0.34 8.47 0.25 
35.26 13.21 3.58 8.62 22.31 0.5 0.08 0.34 8.44 0.26 
35.98 13.23 3.45 9.11 22.52 0.52 0.01 0.46 8.8 0.31 
35.79 13.42 3.55 8.85 22.88 0.54 0.03 0.39 8.72 0.34 
35.58 13.55 3.51 9.17 22.77 0.52  0.52 9.03 0.3 
34.92 13.25 3.53 8.83 22.67 0.52 0.04 0.47 8.89 0.28 
35.13 12.95 3.51 8.83 22.77 0.51 0.01 0.35 8.64 0.3 
35.25 13.23 3.65 8.85 22.7 0.52 0.02 0.35 8.84 0.3 
35.34 13.17 3.48 8.94 22.76 0.5  0.51 9.03 0.31 
35.83 13.13 3.54 8.85 24.15 0.48  0.4 9.04 0.3 
35.78 13.24 3.42 9.06 23.44 0.55 0.01 0.43 8.91 0.31 
35.49 13.11 3.53 8.74 22.88 0.49 0.01 0.39 8.82 0.31 
35.93 13.21 3.43 8.96 22.59 0.53  0.34 9.01 0.3 
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Table III-h Individual Biotite Analyses of proximal Welded YTT 
(Chesner, 1988) 
SiO2 Al2O3 TiO2 MgO FeO MnO CaO Na2O K2O Cl 
34.79 13.35 4.01 9.24 21.95 0.26 0.03 0.46 8.99 0.26 
34.99 13.66 3.94 9.33 21.61 0.23 0.02 0.43 8.78 0.23 
34.54 13.09 3.89 8.98 22.48 0.35 0.02 0.47 9.02 0.25 
35 13.13 3.78 9.28 22.17 0.31 0.02 0.45 8.96 0.26 
35.19 13.2 3.7 9.12 22.33 0.37 0.05 0.5 9.06 0.28 
34.86 13.15 3.63 8.95 22.58 0.45 0.01 0.45 9.06 0.29 
35.91 13.34 3.86 9.55 22.23 0.39 0.04 0.47 8.97 0.29 
35.22 13.28 3.67 9.23 23.37 0.31 0.02 0.47 9.09 0.29 
35.09 13.08 3.49 8.86 23.28 0.5 0.01 0.49 9.12 0.3 
34.84 13.07 3.68 9.06 22.56 0.39 0.01 0.43 9.01 0.28 
34.7 13.23 3.63 8.54 23.17 0.53 0.02 0.43 8.98 0.28 
35.35 13.35 3.73 9.42 22.07 0.4 0.02 0.37 8.91 0.28 
35.17 13.03 3.41 9.07 23.49 0.51 0.01 0.43 9.13 0.3 
34.83 13.22 3.78 8.62 22.78 0.52 0.01 0.44 8.92 0.3 
35.29 13.2 3.42 9.05 22.91 0.51  0.39 9.15 0.31 
35 13.33 3.79 9.25 22.63 0.36 0.05 0.47 9.17 0.25 
35.4 13.32 3.69 9.3 23.26 0.47  0.55 9.15 0.34 
34.87 13.25 3.52 8.84 23.25 0.52 0.04 0.59 9.1 0.33 
35.15 13.35 3.37 8.88 22.68 0.55 0.02 0.53 8.76 0.29 
 
388 
 
Table III-i Individual Biotite Analyses of proximal MTT 
(Chesner, 1988) 
SiO2 Al2O3 TiO2 MgO FeO MnO CaO Na2O K2O Cl 
35.16 13.46 4.5 7.84 24.68 0.24 0.02 0.4 8.8 0.23 
34.89 13.18 4.59 7.73 24.44 0.32 0.01 0.41 8.72 0.08 
35.1 13.41 4.5 7.88 24.04 0.24 0.04 0.45 8.87 0.24 
34.05 13.48 4.69 7.86 24.17 0.27 0.04 0.57 8.64 0.21 
34.58 13.21 4.54 8.14 23.96 0.26 0.01 0.55 8.83 0.21 
34.08 13.59 4.58 7.86 23.72 0.27 0.01 0.54 8.61 0.22 
34.76 13.41 4.41 8.35 23.76 0.28 0.02 0.48 8.79 0.22 
 
 
 
Table III-j Individual Biotite Analyses of proximal OTT 
(Chesner, 1988) 
SiO2 Al2O3 TiO2 MgO FeO MnO CaO Na2O K2O Cl 
35.33 13.32 3.85 7.92 23.85 0.42 0.09 0.37 8.61 0.27 
35.43 13.41 3.87 8.21 24.39 0.36 0.03 0.37 9.09 0.24 
35.14 13.13 3.69 7.73 24.66 0.39 0.02 0.38 9.07 0.29 
35.52 13.19 3.57 8.42 23.58 0.41 0.03 0.43 9.24 0.27 
35.41 13.25 3.5 8.28 23.76 0.38 0.01 0.41 9.02 0.29 
35.15 13.3 3.67 8.14 24.98 0.38 0.02 0.38 9 0.31 
36.25 12.95 3.55 8.02 25.37 0.59 0.02 0.43 8.99 0.28 
35.09 13.22 3.66 8.12 25.1 0.4  0.47 9.18 0.3 
35.29 13.21 3.56 8.13 24.75 0.42 0.02 0.5 9.11 0.31 
35 13.11 3.56 8.12 24.75 0.38  0.44 9.07 0.3 
35.05 12.64 3.52 8.25 25.2 0.44 0.02 0.42 8.98 0.29 
34.9 13.19 3.63 8.29 24.64 0.47 0.03 0.43 8.92 0.32 
34.59 13.01 3.6 7.61 24.27 0.4 0.04 0.45 8.79 0.32 
35.5 12.82 3.52 7.86 24.54 0.34 0.04 0.46 9.08 0.3 
35.2 13.18 3.66 7.61 24.9 0.33 0.04 0.45 8.93 0.3 
34.95 13.12 3.66 8.11 24.08 0.41 0.03 0.44 8.82 0.29 
35.56 13.06 3.59 8.28 23.59 0.34 0.05 0.48 8.99 0.22 
35.71 13.06 3.36 8.15 23.8 0.42 0.04 0.48 9.1 0.3 
35.31 13.06 3.7 7.77 24.43 0.38 0.06 0.48 9.01 0.27 
35.34 13.08 3.5 8.09 24.28 0.39  0.44 8.97 0.28 
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APPENDIX IV 
GEOCHEMICAL ANALYSES OF TOBA GLASS PHASES 
(All data in weight percent, total iron expressed as FeO) 
 
NOTE: 
1 All analyses were conducted by electron microprobe analysis techniques except 
for the XRF data taken from Chesner (1988). 
2 LOI free data used in the variation diagrams and similarity coefficient analyses 
are presented along with the original data. 
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Table IV-a Toba Sand (YTT); melt inclusions in quartz 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO Total 
3.94 70.27 11.91 4.84 0.057 0.145 0.614 0.062 0.043 0.784 92.67
3.86 70.11 12.31 5.15 0.046 0.039 0.65 0.07 0.052 0.918 93.21
3.74 71.47 11.8 5.11 0.041 0.132 0.537 0.067 0.026 0.886 93.81
4.16 70.5 12.04 5 0.048 0.142 0.597 0.072 0.048 0.861 93.47
3.2 71.89 11.61 4.71 0.043 0.14 0.617 0.071 0.042 0.759 93.08
3.06 72.39 11.68 4.71 0.04 0.143 0.62 0.051 0.043 0.777 93.51
3.24 71.18 11.8 4.77 0.042 0.145 0.613 0.073 0.044 0.77 92.68
3.15 72.41 11.66 4.89 0.04 0.14 0.515 0.057 0.032 0.708 93.6 
3.36 75.49 12.55 5.33 0.037 0.147 0.635 0.068 0.047 0.834 98.5 
3.74 70.97 12.01 4.95 0.039 0.143 0.649 0.068 0.048 0.8 93.42
3.9 69.58 13.02 5.37 0.045 0.128 0.687 0.06 0.023 0.777 93.59
4.2 70.16 12.2 5.03 0.039 0.149 0.577 0.074 0.042 0.839 93.31
3.87 71.26 11.87 4.96 0.03 0.152 0.556 0.078 0.04 0.809 93.63
 
Table IV-b Toba 1700 m (YTT); melt inclusions in quartz 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO Total 
3.05 75.24 12.66 5.43 0.05 0.114 0.732 0.061 0.102 1.041 98.48
2.83 75.98 12.69 5.91 0.053 0.093 0.615 0.055 0.069 0.817 99.11
3.11 74.72 13.29 4.98 0.057 0.082 1.601 0.024 0.052 0.732 98.65
2.91 75.99 12.64 5.65 0.066 0.12 0.672 0.054 0.064 0.899 99.07
3.44 75.69 12.93 5.43 0.076 0.139 0.679 0.063 0.077 0.955 99.48
2.84 75.77 12.67 5.92 0.09 0.131 0.603 0.052 0.07 0.978 99.12
3.2 74.57 12.65 5.56 0.055 0.147 0.672 0.067 0.106 1.036 98.06
3.76 75.53 12.34 5.35 0.05 0.141 0.501 0.051 0.031 0.797 98.55
3.23 75.01 13.01 5.66 0.066 0.179 0.768 0.082 0.064 0.942 99.01
 
Table IV-c Toba 1575 m (YTT); melt inclusions in quartz 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO Total 
4.32 72.07 13.87 5.93 0.049 0.19 0.678 0.082 0.057 0.966 98.21
4.58 71.31 13.75 5.88 0.058 0.157 0.673 0.076 0.063 1.013 97.56
4.55 71.96 14.11 5.83 0.055 0.167 0.648 0.06 0.044 0.968 98.39
4.55 70.8 13.66 5.66 0.056 0.158 0.687 0.082 0.063 1.015 96.73
4.64 71.49 13.44 5.69 0.055 0.146 0.695 0.078 0.063 1.003 97.3 
4.47 73.28 14.07 5.63 0.045 0.17 0.838 0.075 0.057 0.952 99.59
3.58 73.98 12.84 6.03 0.057 0.144 0.635 0.065 0.052 0.942 98.33
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Table IV-d Toba Sand (YTT); melt inclusions in quartz (LOI free) 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO Total
4.25 75.83 12.85 5.22 0.062 0.156 0.663 0.067 0.046 0.846 100 
4.14 75.22 13.21 5.53 0.049 0.042 0.697 0.075 0.056 0.985 100 
3.99 76.19 12.58 5.45 0.044 0.141 0.572 0.071 0.028 0.944 100 
4.45 75.43 12.88 5.35 0.051 0.152 0.639 0.077 0.051 0.921 100 
3.44 77.23 12.47 5.06 0.046 0.15 0.663 0.076 0.045 0.815 100 
3.27 77.41 12.49 5.04 0.043 0.153 0.663 0.055 0.046 0.831 100 
3.5 76.8 12.73 5.15 0.045 0.156 0.661 0.079 0.047 0.831 100 
3.37 77.36 12.46 5.22 0.043 0.15 0.55 0.061 0.034 0.756 100 
3.41 76.64 12.74 5.41 0.038 0.149 0.645 0.069 0.048 0.847 100 
4 75.97 12.86 5.3 0.042 0.153 0.695 0.073 0.051 0.856 100 
4.17 74.35 13.91 5.74 0.048 0.137 0.734 0.064 0.025 0.83 100 
4.5 75.19 13.07 5.39 0.042 0.16 0.618 0.079 0.045 0.899 100 
4.13 76.11 12.68 5.3 0.032 0.162 0.594 0.083 0.043 0.864 100 
 
Table IV-e Toba 1700 m (YTT); melt inclusions in quartz (LOI free) 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO Total
3.1 76.4 12.86 5.51 0.051 0.116 0.743 0.062 0.104 1.057 100 
2.86 76.66 12.8 5.96 0.053 0.094 0.621 0.055 0.07 0.824 100 
3.15 75.74 13.47 5.05 0.058 0.083 1.623 0.024 0.053 0.742 100 
2.94 76.71 12.76 5.7 0.067 0.121 0.678 0.055 0.065 0.907 100 
3.46 76.09 13 5.46 0.076 0.14 0.683 0.063 0.077 0.96 100 
2.87 76.44 12.78 5.97 0.091 0.132 0.608 0.052 0.071 0.987 100 
3.26 76.04 12.9 5.67 0.056 0.15 0.685 0.068 0.108 1.056 100 
3.82 76.64 12.52 5.43 0.051 0.143 0.508 0.052 0.031 0.809 100 
3.26 75.76 13.14 5.72 0.067 0.181 0.776 0.083 0.065 0.951 100 
 
Table IV-f Toba 1575 m (YTT); melt inclusions in quartz (LOI free) 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO Total
4.4 73.38 14.12 6.04 0.05 0.193 0.69 0.083 0.058 0.984 100 
4.69 73.09 14.09 6.03 0.06 0.161 0.69 0.078 0.064 1.039 100 
4.62 73.14 14.34 5.93 0.056 0.17 0.659 0.061 0.045 0.984 100 
4.7 73.19 14.12 5.85 0.057 0.164 0.711 0.085 0.065 1.05 100 
4.77 73.47 13.81 5.85 0.057 0.15 0.714 0.08 0.065 1.031 100 
4.49 73.58 14.13 5.65 0.045 0.171 0.842 0.075 0.057 0.955 100 
3.64 75.24 13.06 6.13 0.058 0.146 0.646 0.067 0.052 0.958 100 
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Table IV-g Hatipathar Khal, India; melt inclusions in plagioclase 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO Total 
2.16 71.25 11.95 4.68 0.101 0.148 0.875 0.063 0.073 0.913 92.21
2.51 70.68 12.22 4.44 0.077 0.111 1.276 0.053 0.061 0.827 92.26
2.54 71.21 11.85 4.34 0.102 0.107 1.007 0.051 0.092 0.993 92.29
2.72 70.39 11.59 4.7 0.09 0.126 0.908 0.066 0.066 0.932 91.59
2.91 71.56 11.74 4.52 0.039 0.101 0.946 0.038 0.085 0.957 92.89
2.9 70.96 12.21 4.84 0.086 0.142 0.901 0.076 0.065 0.895 93.07
3.03 72.84 11.76 4.68 0.02 0.169 0.663 0.077 0.045 0.887 94.16
2.93 71.39 11.73 4.69 0.027 0.167 0.65 0.077 0.046 0.82 92.51
3.06 69.53 12.35 4.62 0.023 0.189 0.698 0.075 0.051 0.897 91.49
3.13 71.96 11.43 4.72 0.042 0.135 0.642 0.063 0.041 0.765 92.94
2.67 71.33 11.75 4.56 0.056 0.112 0.839 0.055 0.079 0.97 92.42
2.89 71.66 11.69 4.4 0.029 0.098 0.823 0.04 0.073 0.857 92.55
2.7 68.64 12.03 4.75 0.174 0.149 0.925 0.054 0.07 1.031 90.52
2.69 68.23 12.76 4.47 0.081 0.132 1.023 0.047 0.1 1.042 90.58
2.77 70.82 11.81 4.78 0.064 0.148 0.8 0.065 0.056 0.857 92.17
2.69 72.04 11.52 4.62 0.075 0.117 0.898 0.06 0.072 0.872 92.97
2.87 72.11 11.67 4.85 0.053 0.114 0.771 0.056 0.063 0.843 93.4 
 
 
Table IV-h Hatipathar Khal, India; melt inclusions in plagioclase (LOI free) 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO Total
2.34 77.27 12.96 5.08 0.11 0.16 0.949 0.069 0.079 0.99 100 
2.72 76.61 13.25 4.81 0.084 0.121 1.383 0.057 0.066 0.897 100 
2.75 77.15 12.84 4.7 0.11 0.116 1.091 0.055 0.099 1.076 100 
2.97 76.85 12.66 5.13 0.098 0.138 0.992 0.073 0.072 1.017 100 
3.13 77.03 12.64 4.87 0.042 0.109 1.018 0.041 0.092 1.03 100 
3.12 76.24 13.12 5.2 0.092 0.152 0.968 0.081 0.069 0.961 100 
3.22 77.36 12.48 4.96 0.021 0.18 0.704 0.082 0.048 0.941 100 
3.16 77.16 12.67 5.07 0.029 0.18 0.702 0.083 0.05 0.886 100 
3.35 76 13.49 5.05 0.025 0.206 0.763 0.082 0.056 0.98 100 
3.37 77.43 12.3 5.08 0.045 0.145 0.691 0.068 0.044 0.823 100 
2.89 77.18 12.71 4.93 0.06 0.122 0.908 0.06 0.086 1.049 100 
3.12 77.42 12.63 4.75 0.031 0.106 0.889 0.043 0.079 0.926 100 
2.98 75.83 13.28 5.25 0.192 0.165 1.021 0.06 0.078 1.139 100 
2.97 75.32 14.09 4.94 0.089 0.145 1.13 0.052 0.111 1.15 100 
3 76.84 12.82 5.19 0.07 0.16 0.868 0.07 0.061 0.93 100 
2.9 77.49 12.39 4.97 0.08 0.126 0.966 0.064 0.078 0.938 100 
3.07 77.21 12.49 5.19 0.057 0.122 0.825 0.059 0.067 0.903 100 
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Table IV-i YTT melt inclusions in feldspars (Beddoe-Stephens et al., 1983) 
 Na2O SiO2 Al2O3 K2O TiO2 CaO MnO MgO FeO Total 
P 3.01 73.78 12.56 4.47 0.08 0.89 0.04 0.02 1 95.85
K 2.82 74.33 12.4 4.8  0.61  0.04 0.07 95.07
P 3.03 75.6 12.09 4.65 0.01 0.79 0.07 0.04 1.1 97.38
P 2.8 75.33 12.34 4.71  0.8  0.04 0.95 96.97
P 2.9 74.31 12.52 4.75 0.07 0.63 0.04 0.02 0.86 96.1 
P 2.65 73.97 12.49 4.64 0.07 0.67 0.06 0.05 0.82 95.42
P 3.28 72.96 12.47 4.74 0.1 0.9 0.05 0.03 0.99 95.52
K 2.86 75.38 12.11 4.83 0.05 0.7 0.07 0.06 0.82 96.88
P 2.73 75.31 12.23 5.23 0.12 0.73 0.07 0.03 0.95 97.4 
 
 
Table IV-j YTT melts inclusions in feldspars (LOI free); adapted from Beddoe-Stephens 
et al. (1983) 
 Na2O SiO2 Al2O3 K2O TiO2 CaO MnO MgO FeO Total
P 3.14 76.97 13.1 4.66 0.083 0.929 0.042 0.021 1.043 100 
K 2.97 78.18 13.04 5.05  0.642  0.042 0.074 100 
P 3.11 77.63 12.42 4.78 0.01 0.811 0.072 0.041 1.13 100 
P 2.89 77.68 12.73 4.86  0.825  0.041 0.98 100 
P 3.02 77.33 13.03 4.94 0.073 0.656 0.042 0.021 0.895 100 
P 2.78 77.52 13.09 4.86 0.073 0.702 0.063 0.052 0.859 100 
P 3.43 76.38 13.05 4.96 0.105 0.942 0.052 0.031 1.036 100 
K 2.95 77.81 12.5 4.99 0.052 0.723 0.072 0.062 0.846 100 
P 2.8 77.32 12.56 5.37 0.123 0.749 0.072 0.031 0.975 100 
 
NOTE: P = melt inclusions in plagioclase K = melt incl. In K-feldspar. 
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Table IV-k YTT melt inclusions in quartz (Beddoe-Stephens et al., 1983) 
Na2O SiO2 Al2O3 K2O TiO2 CaO MnO MgO FeO Total 
2.4 73.89 12.05 4.78  0.74  0.05 0.97 94.88 
2.65 74.97 12.31 4.54  0.58  0.03 0.97 96.05 
3.15 75.29 12.38 4.77 0.07 0.57 0.05  0.84 97.12 
2.55 70.21 12.71 5.16 0.04 0.61 0.05 0.07 0.85 92.25 
3.02 72.71 11.76 4.86 0.02 0.65 0.04 0.04 0.68 93.78 
3.3 76.26 12.4 5.06 0.06 0.67 0.09 0.05 0.86 98.75 
2.8 72.85 13.54 5.48 0.04 0.24 0  0.44 95.39 
3.86 70.67 12.97 4.41 0.07 0.7 0.13 0.03 0.84 93.68 
3.31 73.95 11.77 4.27  0.7  0.06 1.17 95.23 
3.75 73 11.88 3.5  0.81  0.04 0.76 93.74 
3.43 73.69 12.97 5.13  0.87  0.05 1.01 97.15 
3.3 69.98 12.31 5.05 0.05 0.63 0.11  0.78 92.21 
 
 
Table IV-l YTT melts inclusions in quartz (LOI free); adapted from Beddoe-Stephens et 
al. (1983) 
Na2O SiO2 Al2O3 K2O TiO2 CaO MnO MgO FeO Total
2.53 77.88 12.7 5.04  0.78  0.053 1.022 100 
2.76 78.05 12.82 4.73  0.604  0.031 1.01 100 
3.24 77.52 12.75 4.91 0.072 0.587 0.051  0.865 100 
2.76 76.11 13.78 5.59 0.043 0.661 0.054 0.076 0.921 100 
3.22 77.53 12.54 5.18 0.021 0.693 0.043 0.043 0.725 100 
3.34 77.23 12.56 5.12 0.061 0.678 0.091 0.051 0.871 100 
2.94 76.37 14.19 5.74 0.042 0.252   0.461 100 
4.12 75.44 13.85 4.71 0.075 0.747 0.139 0.032 0.897 100 
3.48 77.65 12.36 4.48  0.735  0.063 1.229 100 
4 77.87 12.67 3.73  0.864  0.043 0.811 100 
3.53 75.85 13.35 5.28  0.896  0.051 1.04 100 
3.58 75.89 13.35 5.48 0.054 0.683 0.119  0.846 100 
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Table IV-m Toba Sand (YTT) glass shards 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO Total 
3.35 76.62 12.65 5.26 0.043 0.156 0.722 0.087 0.047 0.889 99.82 
3.31 71.28 12.25 4.91 0.046 0.162 0.686 0.075 0.059 0.854 93.63 
3.37 76.03 12.66 5.18 0.051 0.167 0.695 0.089 0.051 0.95 99.24 
3.39 75.27 12.44 5.07 0.044 0.146 0.678 0.078 0.048 0.893 98.06 
3.28 75.61 12.28 5.18 0.035 0.152 0.706 0.083 0.045 0.876 98.25 
3.37 76.56 12.64 5.13 0.05 0.136 0.796 0.073 0.055 0.925 99.74 
3.25 76.41 12.52 5.16 0.06 0.138 0.793 0.068 0.056 0.913 99.37 
3.35 76.53 12.48 5.2 0.045 0.162 0.698 0.067 0.05 0.904 99.49 
3.15 75.59 11.99 5.14 0.047 0.152 0.687 0.08 0.048 0.855 97.74 
3.58 76.76 12.61 5.18 0.048 0.158 0.719 0.083 0.048 0.906 100.09 
3.51 76.27 12.6 5.15 0.044 0.155 0.725 0.08 0.048 0.893 99.47 
3.54 76.63 12.86 5.33 0.045 0.161 0.722 0.08 0.052 0.897 100.32 
3.55 75.81 12.53 5.21 0.039 0.163 0.714 0.078 0.049 0.899 99.04 
3.47 75.94 12.53 5.26 0.041 0.164 0.726 0.082 0.049 0.904 99.17 
3.46 75.68 12.65 5.25 0.046 0.172 0.723 0.076 0.053 0.908 99.02 
3.45 74.97 12.28 5.15 0.044 0.226 0.699 0.081 0.049 0.894 97.84 
3.37 74.93 12.33 5.12 0.037 0.165 0.71 0.084 0.048 0.885 97.68 
3.47 76.47 12.7 5.21 0.045 0.164 0.727 0.074 0.046 0.896 99.8 
3.41 76.33 12.86 5.3 0.05 0.165 0.72 0.081 0.05 0.883 99.85 
3.49 76.23 12.74 5.3 0.048 0.168 0.71 0.076 0.049 0.912 99.72 
3.34 76.57 12.55 5.21 0.043 0.165 0.714 0.079 0.048 0.91 99.63 
3.43 74.68 12.28 5.1 0.046 0.151 0.702 0.069 0.045 0.868 97.37 
3.3 75.04 12.3 5.12 0.037 0.173 0.708 0.08 0.051 0.88 97.69 
3.29 75.22 12.29 5.12 0.04 0.167 0.713 0.08 0.045 0.881 97.85 
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Table IV-n Toba Sand (YTT) glass shards (LOI free) 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO Total
3.36 76.76 12.67 5.27 0.043 0.156 0.723 0.087 0.047 0.89 100 
3.54 76.13 13.08 5.24 0.05 0.173 0.733 0.08 0.063 0.912 100 
3.4 76.61 12.76 5.22 0.051 0.168 0.7 0.089 0.051 0.957 100 
3.46 76.76 12.69 5.17 0.045 0.149 0.691 0.08 0.049 0.91 100 
3.34 76.96 12.5 5.27 0.036 0.154 0.718 0.084 0.046 0.892 100 
3.38 76.76 12.67 5.14 0.05 0.137 0.798 0.074 0.055 0.927 100 
3.27 76.9 12.6 5.19 0.06 0.139 0.798 0.068 0.057 0.919 100 
3.37 76.92 12.54 5.23 0.045 0.162 0.702 0.068 0.05 0.909 100 
3.22 77.34 12.27 5.26 0.048 0.156 0.703 0.082 0.049 0.874 100 
3.58 76.69 12.6 5.18 0.048 0.158 0.719 0.083 0.048 0.905 100 
3.53 76.67 12.67 5.18 0.044 0.155 0.729 0.081 0.048 0.898 100 
3.53 76.39 12.82 5.31 0.045 0.16 0.72 0.08 0.052 0.894 100 
3.58 76.54 12.65 5.26 0.04 0.164 0.721 0.079 0.05 0.907 100 
3.5 76.58 12.64 5.3 0.041 0.165 0.732 0.083 0.05 0.911 100 
3.49 76.43 12.78 5.3 0.047 0.174 0.73 0.076 0.053 0.917 100 
3.53 76.62 12.55 5.26 0.045 0.231 0.714 0.083 0.05 0.914 100 
3.45 76.71 12.62 5.24 0.038 0.169 0.727 0.086 0.049 0.906 100 
3.48 76.62 12.73 5.22 0.045 0.164 0.729 0.074 0.047 0.898 100 
3.42 76.45 12.88 5.31 0.05 0.165 0.721 0.081 0.05 0.884 100 
3.5 76.44 12.78 5.31 0.048 0.169 0.712 0.076 0.049 0.915 100 
3.35 76.86 12.6 5.23 0.043 0.166 0.717 0.079 0.048 0.913 100 
3.52 76.7 12.61 5.24 0.047 0.156 0.721 0.07 0.047 0.892 100 
3.38 76.81 12.59 5.24 0.038 0.177 0.725 0.082 0.052 0.901 100 
3.36 76.88 12.56 5.23 0.041 0.171 0.729 0.082 0.046 0.9 100 
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Table IV-o Toba 1700 m (YTT) glass shards 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO Total 
2.65 75.39 12.77 6.09 0.069 0.118 0.843 0.05 0.059 0.85 98.89
2.67 75.03 12.73 6.28 0.067 0.113 0.872 0.056 0.069 0.863 98.75
2.67 74.73 12.6 6.07 0.07 0.1 0.838 0.062 0.06 0.912 98.11
2.6 74.85 12.68 6.13 0.068 0.103 0.874 0.05 0.075 0.926 98.36
2.63 75.47 12.54 6.17 0.077 0.109 0.886 0.058 0.066 0.968 98.97
2.51 75.01 12.47 6.17 0.072 0.11 0.826 0.056 0.073 0.983 98.28
2.68 75.12 12.62 6.17 0.063 0.096 0.867 0.06 0.067 0.992 98.74
2.67 74.95 12.61 6.21 0.066 0.101 0.761 0.046 0.069 0.973 98.46
2.65 74.78 12.46 6.12 0.067 0.104 0.871 0.052 0.071 0.987 98.16
2.64 74.39 12.38 5.94 0.07 0.096 0.851 0.057 0.072 0.983 97.48
2.63 74.79 12.66 6.16 0.061 0.106 0.879 0.059 0.07 0.934 98.35
2.62 75 12.68 6.24 0.064 0.116 0.724 0.059 0.076 0.916 98.5 
2.64 73.38 12.77 6.08 0.069 0.105 0.869 0.051 0.075 0.983 97.02
2.64 73.41 12.57 6.09 0.064 0.104 0.765 0.054 0.074 0.946 96.72
2.62 74.51 12.68 6.11 0.059 0.11 0.863 0.064 0.074 1.011 98.1 
2.63 74.93 12.64 6.1 0.061 0.122 0.855 0.056 0.068 0.9 98.36
2.56 74.81 12.61 6.17 0.069 0.101 0.831 0.055 0.07 0.985 98.26
2.67 74.56 12.55 6.12 0.058 0.101 0.821 0.064 0.072 0.99 98.01
2.65 73.9 12.78 6.16 0.073 0.103 0.827 0.065 0.071 0.93 97.56
2.71 73.47 12.82 6.1 0.06 0.102 0.817 0.055 0.072 0.983 97.19
2.55 74.86 12.64 6.16 0.063 0.098 0.873 0.059 0.073 0.989 98.37
2.65 74.76 12.69 6.12 0.07 0.104 0.876 0.059 0.076 1.006 98.41
2.56 74.55 12.65 6.08 0.056 0.104 0.857 0.061 0.071 0.955 97.94
2.58 74.02 12.66 6.13 0.068 0.101 0.842 0.061 0.077 0.986 97.53
2.81 73.39 12.41 5.84 0.074 0.11 0.688 0.066 0.077 0.982 96.45
2.67 74.6 12.56 6.06 0.065 0.109 0.675 0.065 0.078 0.868 97.75
2.7 74.26 12.45 6.02 0.065 0.109 0.611 0.061 0.076 0.912 97.26
2.56 74.66 12.64 6.07 0.099 0.115 0.874 0.054 0.093 0.983 98.15
2.67 74.02 12.41 6.05 0.078 0.114 0.663 0.056 0.075 0.963 97.1 
2.77 74.7 12.56 6.06 0.065 0.103 0.616 0.062 0.08 0.988 98 
2.68 73.85 12.4 6.03 0.098 0.105 0.599 0.048 0.093 1.022 96.93
2.68 73.77 12.71 6.03 0.062 0.117 0.659 0.052 0.077 0.879 97.04
2.79 74.33 12.58 6.04 0.071 0.111 0.66 0.062 0.076 0.925 97.65
2.65 73.24 12.28 5.99 0.102 0.111 0.692 0.045 0.093 0.953 96.16
2.77 74.74 12.59 6 0.056 0.115 0.809 0.053 0.078 0.99 98.2 
2.58 74.3 12.44 5.92 0.097 0.123 0.784 0.058 0.093 0.949 97.34
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Table IV-p Toba 1700 m (YTT) glass shards (LOI free) 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO Total
2.68 76.24 12.91 6.16 0.07 0.119 0.852 0.051 0.06 0.86 100 
2.7 75.98 12.89 6.36 0.068 0.114 0.883 0.057 0.07 0.874 100 
2.72 76.17 12.84 6.19 0.071 0.102 0.854 0.063 0.061 0.93 100 
2.64 76.1 12.89 6.23 0.069 0.105 0.889 0.051 0.076 0.941 100 
2.66 76.25 12.67 6.23 0.078 0.11 0.895 0.059 0.067 0.978 100 
2.55 76.32 12.69 6.28 0.073 0.112 0.84 0.057 0.074 1 100 
2.71 76.08 12.78 6.25 0.064 0.097 0.878 0.061 0.068 1.005 100 
2.71 76.13 12.81 6.31 0.067 0.103 0.773 0.047 0.07 0.988 100 
2.7 76.18 12.69 6.23 0.068 0.106 0.887 0.053 0.072 1.005 100 
2.71 76.31 12.7 6.09 0.072 0.098 0.873 0.058 0.074 1.008 100 
2.67 76.05 12.87 6.26 0.062 0.108 0.894 0.06 0.071 0.95 100 
2.66 76.15 12.87 6.34 0.065 0.118 0.735 0.06 0.077 0.93 100 
2.72 75.63 13.16 6.27 0.071 0.108 0.896 0.053 0.077 1.013 100 
2.73 75.9 13 6.3 0.066 0.108 0.791 0.056 0.077 0.978 100 
2.67 75.95 12.93 6.23 0.06 0.112 0.88 0.065 0.075 1.031 100 
2.67 76.18 12.85 6.2 0.062 0.124 0.869 0.057 0.069 0.915 100 
2.61 76.13 12.83 6.28 0.07 0.103 0.846 0.056 0.071 1.002 100 
2.72 76.08 12.81 6.24 0.059 0.103 0.838 0.065 0.073 1.01 100 
2.72 75.75 13.1 6.31 0.075 0.106 0.848 0.067 0.073 0.953 100 
2.79 75.59 13.19 6.28 0.062 0.105 0.841 0.057 0.074 1.011 100 
2.59 76.1 12.85 6.26 0.064 0.1 0.888 0.06 0.074 1.005 100 
2.69 75.97 12.89 6.22 0.071 0.106 0.89 0.06 0.077 1.022 100 
2.61 76.11 12.92 6.21 0.057 0.106 0.875 0.062 0.072 0.975 100 
2.65 75.9 12.98 6.29 0.07 0.104 0.863 0.063 0.079 1.011 100 
2.92 76.09 12.87 6.06 0.076 0.114 0.713 0.068 0.08 1.018 100 
2.73 76.32 12.85 6.2 0.066 0.111 0.69 0.066 0.08 0.888 100 
2.78 76.35 12.8 6.19 0.067 0.112 0.628 0.063 0.078 0.937 100 
2.61 76.07 12.88 6.18 0.101 0.117 0.89 0.055 0.095 1.001 100 
2.75 76.23 12.78 6.23 0.08 0.118 0.682 0.058 0.077 0.992 100 
2.83 76.22 12.82 6.18 0.066 0.105 0.628 0.064 0.082 1.008 100 
2.77 76.19 12.79 6.22 0.101 0.108 0.618 0.05 0.095 1.054 100 
2.76 76.02 13.1 6.21 0.064 0.12 0.679 0.053 0.079 0.905 100 
2.86 76.12 12.88 6.19 0.073 0.114 0.676 0.063 0.078 0.948 100 
2.76 76.17 12.77 6.23 0.106 0.115 0.72 0.047 0.096 0.991 100 
2.82 76.11 12.82 6.11 0.057 0.117 0.824 0.054 0.08 1.009 100 
2.65 76.33 12.78 6.08 0.1 0.126 0.805 0.059 0.095 0.975 100 
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Table IV-q Talcher, India; glass shards 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO Total 
3.32 74.07 11.92 4.84 0.043 0.115 0.785 0.059 0.059 0.842 96.04
3.48 73.81 12.01 4.96 0.042 0.15 0.66 0.075 0.046 0.818 96.06
3.33 73.9 11.94 4.87 0.048 0.124 0.734 0.059 0.055 0.797 95.86
3.53 74.33 11.78 4.67 0.029 0.14 0.643 0.071 0.047 0.803 96.04
3.21 72.72 11.91 5.01 0.052 0.12 0.763 0.058 0.059 0.832 94.73
3.27 72.87 11.95 4.91 0.039 0.149 0.656 0.076 0.046 0.807 94.77
3.2 73.41 12.05 5.03 0.059 0.117 0.776 0.063 0.059 0.834 95.6 
3.31 73.08 12.05 4.95 0.047 0.132 0.726 0.057 0.052 0.799 95.2 
3.5 73.23 11.91 4.74 0.035 0.148 0.656 0.07 0.047 0.807 95.14
 
 
Table IV-r Mahanadi Bank, India; glass shards 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO Total 
3.65 73.07 11.93 4.55 0.041 0.147 0.66 0.071 0.045 0.81 94.97
3.49 72.88 11.89 4.69 0.037 0.146 0.65 0.07 0.045 0.787 94.69
3.36 73.44 11.85 4.71 0.043 0.151 0.65 0.067 0.047 0.803 95.12
3.37 73.14 12.07 4.92 0.054 0.121 0.767 0.055 0.059 0.829 95.38
3.37 73.19 11.99 4.69 0.048 0.121 0.763 0.057 0.059 0.826 95.12
3.28 73.21 12.08 4.96 0.057 0.12 0.8 0.057 0.06 0.841 95.47
3.34 73.16 12.02 4.79 0.056 0.136 0.743 0.063 0.053 0.829 95.19
3.58 73.41 11.95 4.67 0.043 0.152 0.661 0.068 0.045 0.815 95.39
4.03 72.92 12.16 4.92 0.053 0.133 0.756 0.065 0.054 0.834 95.92
3.31 73.12 12.02 4.98 0.045 0.137 0.737 0.059 0.053 0.813 95.27
3.16 72.05 11.75 4.79 0.062 0.113 0.761 0.052 0.061 0.833 93.64
3.14 72.09 11.8 4.73 0.046 0.127 0.723 0.059 0.049 0.798 93.57
3.25 71.77 11.88 4.58 0.065 0.114 0.777 0.059 0.059 0.84 93.39
3.18 72.63 11.74 4.76 0.049 0.145 0.665 0.066 0.045 0.803 94.08
3.23 71.86 11.76 4.58 0.057 0.11 0.768 0.061 0.058 0.835 93.31
3.36 71.61 11.82 4.65 0.053 0.115 0.76 0.052 0.058 0.82 93.3 
3.23 72.55 11.72 4.8 0.064 0.14 0.763 0.055 0.061 0.824 94.19
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Table IV-s Talcher, India; glass shards (LOI free) 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO Total
3.45 77.12 12.41 5.04 0.045 0.12 0.817 0.061 0.061 0.877 100 
3.62 76.84 12.51 5.17 0.043 0.156 0.687 0.078 0.048 0.851 100 
3.48 77.09 12.46 5.08 0.05 0.129 0.765 0.062 0.058 0.832 100 
3.68 77.39 12.26 4.86 0.03 0.146 0.669 0.074 0.049 0.836 100 
3.39 76.77 12.57 5.28 0.055 0.127 0.805 0.062 0.062 0.878 100 
3.45 76.89 12.61 5.18 0.042 0.157 0.693 0.08 0.049 0.852 100 
3.34 76.79 12.61 5.26 0.062 0.122 0.811 0.066 0.062 0.873 100 
3.47 76.76 12.66 5.2 0.049 0.139 0.762 0.06 0.055 0.839 100 
3.68 76.97 12.52 4.98 0.037 0.156 0.689 0.073 0.049 0.848 100 
 
 
Table IV-t Mahanadi Bank, India; glass shards (LOI free) 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO Total
3.84 76.94 12.56 4.79 0.043 0.155 0.695 0.074 0.048 0.852 100 
3.69 76.97 12.55 4.96 0.039 0.154 0.687 0.073 0.047 0.831 100 
3.53 77.21 12.46 4.95 0.045 0.159 0.683 0.071 0.05 0.844 100 
3.53 76.68 12.65 5.16 0.056 0.127 0.804 0.058 0.062 0.869 100 
3.54 76.95 12.6 4.94 0.05 0.127 0.802 0.06 0.062 0.869 100 
3.44 76.69 12.65 5.2 0.06 0.126 0.838 0.06 0.063 0.881 100 
3.51 76.86 12.62 5.03 0.059 0.142 0.781 0.066 0.056 0.871 100 
3.75 76.96 12.53 4.9 0.045 0.159 0.693 0.071 0.048 0.854 100 
4.2 76.02 12.68 5.13 0.055 0.138 0.788 0.068 0.056 0.869 100 
3.47 76.75 12.62 5.23 0.047 0.144 0.774 0.062 0.055 0.854 100 
3.37 76.95 12.55 5.12 0.066 0.12 0.813 0.056 0.066 0.889 100 
3.36 77.05 12.61 5.06 0.049 0.136 0.773 0.063 0.053 0.853 100 
3.48 76.85 12.72 4.9 0.07 0.122 0.832 0.063 0.063 0.899 100 
3.38 77.2 12.48 5.06 0.052 0.154 0.707 0.07 0.048 0.854 100 
3.46 77.01 12.6 4.91 0.061 0.118 0.823 0.065 0.062 0.894 100 
3.61 76.75 12.67 4.98 0.056 0.123 0.815 0.056 0.063 0.878 100 
3.43 77.02 12.44 5.09 0.068 0.148 0.81 0.058 0.065 0.875 100 
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Table IV-u Hatipathar Khal, India; glass shards 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO Total 
3.42 73.76 11.78 4.77 0.043 0.145 0.641 0.074 0.043 0.827 95.51
3.29 72.98 11.75 4.7 0.046 0.114 0.753 0.06 0.06 0.854 94.61
3.38 73.11 11.9 4.69 0.048 0.119 0.778 0.054 0.058 0.862 95 
3.45 72.97 11.66 4.6 0.046 0.128 0.713 0.059 0.051 0.812 94.5 
3.37 73.78 11.81 4.89 0.041 0.149 0.655 0.068 0.047 0.833 95.65
3.52 73.59 11.78 4.73 0.043 0.146 0.648 0.073 0.044 0.807 95.38
3.35 73.02 11.82 4.73 0.055 0.118 0.747 0.06 0.055 0.834 94.79
3.38 73.47 11.7 4.81 0.038 0.15 0.633 0.069 0.045 0.803 95.1 
3.26 72.97 11.77 4.8 0.048 0.115 0.753 0.05 0.058 0.835 94.65
 
Table IV-v Hatipathar Khal, India; glass shards (LOI free) 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO Total
3.58 77.23 12.34 5 0.045 0.152 0.671 0.077 0.045 0.865 100 
3.48 77.13 12.42 4.97 0.049 0.121 0.796 0.064 0.064 0.903 100 
3.56 76.96 12.52 4.94 0.051 0.126 0.819 0.057 0.061 0.907 100 
3.66 77.22 12.34 4.87 0.049 0.135 0.754 0.062 0.054 0.859 100 
3.53 77.14 12.34 5.11 0.043 0.156 0.685 0.071 0.049 0.87 100 
3.69 77.15 12.35 4.96 0.045 0.153 0.679 0.076 0.046 0.846 100 
3.54 77.03 12.47 4.99 0.058 0.125 0.789 0.063 0.058 0.879 100 
3.55 77.26 12.3 5.06 0.04 0.158 0.665 0.073 0.047 0.845 100 
3.44 77.09 12.44 5.07 0.051 0.121 0.796 0.053 0.061 0.882 100 
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Table IV-w Sulu Sea - ODP Site 769A; glass shards 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO Total 
3.85 70.97 12.17 3.25 0.075 0.076 0.867 0.094 0.142 0.638 92.13
3.87 71.91 12.32 3.24 0.077 0.078 0.873 0.093 0.146 0.642 93.24
 
Table IV-x Sulu Sea - ODP Site 769A; glass shards (LOI free) 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO Total
4.17 77.03 13.21 3.53 0.082 0.082 0.941 0.102 0.154 0.693 100 
4.15 77.12 13.21 3.47 0.083 0.083 0.937 0.1 0.157 0.688 100 
 
 
Table IV-y YTT matrix glass (Beddoe-Stephens et al., 1983) 
Na2O SiO2 Al2O3 K2O TiO2 CaO MnO MgO FeO Total 
3.18 74.32 12.16 4.71 0.1 0.63 0.07 0.02 0.88 96.07 
3.31 73.77 12.26 4.91  0.65  0.04 0.95 95.89 
2.78 74.28 12.29 4.61  0.59  0.05 1.03 95.63 
2.63 74.32 11.98 5.02 0.03 0.75 0.06 0.01 0.63 95.43 
2.86 73.82 11.92 4.96  0.76  0.06 0.9 95.28 
2.37 74.72 12.38 5.32 0.07 0.5 0.08 0.05 0.93 96.42 
2.53 74.89 12.33 5.27 0.03 0.5 0.04 0.05 0.9 96.54 
2.72 73.6 12.21 5.04 0.05 0.68 0.09 0.03 0.82 95.24 
2.73 75.28 12.33 5.17 0.05 0.67 0.05 0.07 0.83 97.18 
2.67 72.74 12.08 4.99 0.04 0.68 0.11 0.04 0.92 94.27 
 
Table IV-z YTT matrix glass (LOI free); adapted from Beddoe-Stephens et al. (1983) 
Na2O SiO2 Al2O3 K2O TiO2 CaO MnO MgO FeO Total 
3.31 77.36 12.66 4.9 0.1 0.66 0.07 0.02 0.92 100 
3.45 76.93 12.79 5.12  0.68  0.04 0.99 100 
2.91 77.67 12.85 4.82  0.62  0.05 1.08 100 
2.76 77.88 12.55 5.26 0.03 0.79 0.06 0.01 0.66 100 
3 77.48 12.51 5.21  0.8  0.06 0.94 100 
2.46 77.49 12.84 5.52 0.07 0.52 0.08 0.05 0.96 100 
2.62 77.57 12.77 5.46 0.03 0.52 0.04 0.05 0.93 100 
2.86 77.28 12.82 5.29 0.05 0.71 0.09 0.03 0.86 100 
2.81 77.46 12.69 5.32 0.05 0.69 0.05 0.07 0.85 100 
2.83 77.16 12.81 5.29 0.04 0.72 0.12 0.04 0.98 100 
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Table IV-aa XRF analyses of proximal YTT glass separates (Chesner, 1988) 
Na2O SiO2 Al2O3 K2O TiO2 CaO MnO MgO FeO Total 
2.6 77.6 12.78 5.03 0.08 0.8 0.06 0.2 0.76 99.91 
2.75 75.73 14.45 4.46 0.09 0.99 0.05 0.22 1.12 99.86 
2.94 76.82 12.93 4.82 0.08 0.94 0.07 0.18 1.09 99.87 
2.7 76.89 12.93 4.77 0.11 0.95 0.06 0.22 1.21 99.84 
2.4 77.14 13.4 4.77 0.09 0.83 0.05 0.19 1.01 99.88 
2.89 76.86 13.48 4.82 0.04 0.79 0.06 0.16 0.8 99.9 
2.7 77.26 13.38 4.88 0.05 0.65 0.05 0.15 0.78 99.9 
2.3 77.54 12.91 5.26 0.04 0.58 0.09 0.17 0.99 99.88 
2.76 76.61 13.62 4.92 0.05 0.67 0.08 0.16 1.01 99.88 
2.24 78.3 12.37 5.28 0.05 0.58 0.05 0.18 0.85 99.9 
2.88 77.93 12.18 5.05 0.05 0.71 0.06 0.16 0.87 99.89 
2.79 78.12 12.04 5.25 0.04 0.62 0.06 0.15 0.83 99.9 
2.68 78.2 11.9 5.2 0.06 0.69 0.07 0.17 0.92 99.89 
2.97 77.44 12.6 4.87 0.04 0.67 0.09 0.15 1.04 99.87 
2.61 77.71 12.47 5.09 0.05 0.71 0.06 0.19 0.99 99.88 
3.54 76.43 12.91 4.79 0.06 0.99 0.05 0.18 0.93 99.88 
2.89 77.25 12.93 5.03 0.06 0.7 0.06 0.16 0.82 99.9 
3.06 76.86 13.02 5.01 0.07 0.82 0.05 0.18 0.82 99.89 
3.37 76.72 12.63 4.91 0.08 0.95 0.05 0.19 0.96 99.86 
3.13 76.99 12.44 4.98 0.09 0.94 0.06 0.18 1.04 99.85 
2.76 70.99 16.24 5.93 0.12 1.31 0.05 0.71 1.59 99.7 
3.48 71.19 15.58 5.63 0.19 1.6 0.04 0.44 1.6 99.75 
 
Table IV-ab XRF analyses of proximal MTT glass separates (Chesner, 1988) 
Na2O SiO2 Al2O3 K2O TiO2 CaO MnO MgO FeO Total 
2.98 76.94 12.63 5.08 0.1 0.82 0.05 0.18 1.08 99.86 
2.84 76.52 13.36 5.02 0.11 0.87 0.04 0.16 0.96 99.88 
3.51 75.23 13.98 4.85 0.06 0.75 0.03 0.14 1.29 99.84 
 
Table IV-ac XRF analyses of proximal OTT glass separates (Chesner, 1988) 
Na2O SiO2 Al2O3 K2O TiO2 CaO MnO MgO FeO Total 
2.71 75.5 13.1 5.51 0.1 1.21 0.06 0.31 1.31 99.81 
3.56 76.43 13.27 4.79 0.08 1.04 0.02 0.17 0.55 99.91 
3.48 74.99 14.01 4.94 0.1 1.13 0.02 0.21 0.99 99.87 
2.93 75.11 14.26 5.15 0.08 0.77 0.02 0.19 1.32 99.83 
3.81 74.93 13.92 4.67 0.09 1.24 0.04 0.21 0.94 99.85 
3.43 75.49 13.39 5.02 0.07 1.01 0.03 0.22 1.18 99.84 
2.9 75.32 14.89 4.88 0.11 0.82 0.02 0.18 0.76 99.88 
3.44 71.99 14.44 4.71 0.23 1.91 0.06 0.56 2.32 99.66 
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Table IV-ad LOI free XRF analyses of proximal YTT glass separates (Chesner, 1988) 
Na2O SiO2 Al2O3 K2O TiO2 CaO MgO MnO FeO Total 
2.6 77.67 12.79 5.03 0.08 0.8 0.2  0.76 100 
2.75 75.84 14.47 4.47 0.09 0.99 0.22  1.12 100 
2.94 76.92 12.95 4.83 0.08 0.94 0.18  1.09 100 
2.7 77.01 12.95 4.78 0.11 0.95 0.22  1.21 100 
2.4 77.23 13.42 4.78 0.09 0.83 0.19  1.01 100 
2.89 76.94 13.49 4.82 0.04 0.79 0.16  0.8 100 
2.7 77.34 13.39 4.88 0.05 0.65 0.15  0.78 100 
2.3 77.63 12.93 5.27 0.04 0.58 0.17  0.99 100 
2.76 76.7 13.64 4.93 0.05 0.67 0.16  1.01 100 
2.24 78.38 12.38 5.29 0.05 0.58 0.18  0.85 100 
2.88 78.02 12.19 5.06 0.05 0.71 0.16  0.87 100 
2.79 78.2 12.05 5.26 0.04 0.62 0.15  0.83 100 
2.68 78.29 11.91 5.21 0.06 0.69 0.17  0.92 100 
2.97 77.54 12.62 4.88 0.04 0.67 0.15  1.04 100 
2.61 77.8 12.48 5.1 0.05 0.71 0.19  0.99 100 
3.54 76.52 12.93 4.8 0.06 0.99 0.18  0.93 100 
2.89 77.33 12.94 5.04 0.06 0.7 0.16  0.82 100 
3.06 76.94 13.03 5.02 0.07 0.82 0.18  0.82 100 
3.37 76.83 12.65 4.92 0.08 0.95 0.19  0.96 100 
3.13 77.11 12.46 4.99 0.09 0.94 0.18  1.04 100 
2.77 71.2 16.29 5.95 0.12 1.31 0.71  1.59 100 
3.49 71.37 15.62 5.64 0.19 1.6 0.44  1.6 100 
 
Table IV-ae LOI free XRF analyses of proximal MTT glass separates (Chesner, 1988) 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO Total
2.98 77.05 12.65 5.09 0.1  0.82  0.18 1.08 100 
2.84 76.61 13.38 5.03 0.11  0.87  0.16 0.96 100 
3.52 75.35 14 4.86 0.06  0.75  0.14 1.29 100 
 
Table IV-af LOI free XRF analyses of proximal OTT glass separates (Chesner, 1988) 
Na2O SiO2 Al2O3 K2O TiO2 CaO MnO MgO FeO Total 
2.72 75.64 13.12 5.52 0.1 1.21 0.06 0.31 1.31 100 
3.56 76.5 13.28 4.79 0.08 1.04 0.02 0.17 0.55 100 
3.48 75.09 14.03 4.95 0.1 1.13 0.02 0.21 0.99 100 
2.93 75.24 14.28 5.16 0.08 0.77 0.02 0.19 1.32 100 
3.82 75.04 13.94 4.68 0.09 1.24 0.04 0.21 0.94 100 
3.44 75.61 13.41 5.03 0.07 1.01 0.03 0.22 1.18 100 
2.9 75.41 14.91 4.89 0.11 0.82 0.02 0.18 0.76 100 
3.45 72.24 14.49 4.73 0.23 1.92 0.06 0.56 2.33 100 
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Table IV-ag ODP Site 758 layers A and B; distal YTT glass shards (Dehn et al., 1991) 
Na2O SiO2 Al2O3 K2O TiO2 CaO MgO FeO Total 
1.28 75.02 12.19 4.65 0.1 0.91 0.09 0.83 95.07 
3.1 74.53 12.07 4.8 0.08 0.69 0.03 0.73 96.03 
2.88 72.93 12.15 4.94 0.05 0.81 0.08 0.8 94.64 
2.9 72.3 11.87 4.84 0.07 0.78 0.05 0.76 93.57 
2.87 74.39 12.09 5.05 0.07 0.82 0.08 0.79 96.16 
2.78 73.63 12.11 4.88 0.08 0.79 0.05 0.79 95.11 
2.72 74.87 11.85 4.94 0.08 0.79 0.06 0.79 96.1 
3.04 73.63 12.19 4.86 0.07 0.84 0.05 0.83 95.51 
3.14 74.59 11.8 4.88 0.06 0.67 0.05 0.74 95.93 
2.83 73.73 12.06 4.81 0.05 0.76 0.06 0.85 95.15 
3.3 74.61 11.89 4.92 0.08 0.64 0.04 0.76 96.24 
3.06 73.81 12.04 5.05 0.06 0.66 0.03 0.74 95.45 
3.14 74.29 12.16 5 0.07 0.75 0.05 0.81 96.27 
2.97 74.12 11.91 4.87 0.09 0.78 0.04 0.8 95.58 
3.15 74.31 12.05 4.78 0.07 0.74 0.04 0.8 95.94 
3.1 74.01 12.1 4.89 0.09 0.83 0.05 0.79 95.86 
2.69 74.79 12.17 5.02 0.07 0.75 0.06 0.78 96.33 
3.03 75.5 11.96 5.07 0.07 0.76 0.03 0.77 97.19 
2.83 74.43 12.13 4.99 0.08 0.79 0.08 0.88 96.21 
3.15 75.11 11.84 4.87 0.05 0.69 0.04 0.76 96.51 
2.92 74.53 11.9 4.91 0.07 0.7 0.03 0.78 95.84 
3.04 74.13 12.18 4.81 0.08 0.78 0.08 0.83 95.93 
3.14 74.78 12.31 4.87 0.07 0.89 0.06 0.88 97 
3.18 74.3 11.87 4.95 0.08 0.67 0.06 0.77 95.88 
2.56 71.98 11.96 4.76 0.12 0.91 0.08 0.92 93.29 
2.93 73.4 11.74 5.25 0.07 0.65 0.02 0.78 94.84 
2.71 74.83 11.75 5.08 0.06 0.69 0.03 0.69 95.84 
2.85 74.7 11.93 5.02 0.1 0.83 0.04 0.81 96.28 
2.46 74.68 11.65 5.23 0.09 0.89 0.03 0.75 95.78 
2.78 74.22 11.77 4.93 0.05 0.79 0.02 0.89 95.45 
3.1 70.2 11.29 4.73 0.05 0.65 0.05 0.93 91 
2.92 72.31 12.01 4.79 0.08 0.79 0.01 0.86 93.77 
3.32 72.45 11.69 4.63 0.09 0.72 0.02 0.85 93.77 
3.3 74.84 11.95 5.16 0.06 0.7 0.01 0.86 96.88 
3.41 73.19 11.99 4.85 0.06 0.75 0.02 0.84 95.11 
3.26 73.01 11.82 4.8 0.09 0.83 0.04 0.85 94.7 
3.21 71.36 11.58 4.68 0.07 0.64 0.04 0.79 92.37 
2.88 71.5 12.05 4.69 0.09 0.96 0.04 0.92 93.13 
3.19 75.22 11.92 4.85 0.05 0.63 0.04 0.74 96.64 
3.11 75.75 11.99 4.99 0.06 0.61 0.06 0.7 97.27 
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Table IV-ag Continued 
Na2O SiO2 Al2O3 K2O TiO2 CaO MgO FeO Total 
3.1 74.79 11.79 5.07 0.08 0.8 0.04 0.78 96.45 
2.3 76.19 11.99 4.51 0.08 0.79 0.06 0.8 96.72 
3.05 75.93 11.71 5.06 0.07 0.68 0.08 0.75 97.33 
3.46 75.49 11.94 4.94 0.08 0.79 0.07 0.77 97.54 
3.07 75.04 11.81 5.03 0.1 0.76 0.2 0.8 96.81 
3.14 75.74 12.18 5.14 0.08 0.76 0.05 0.79 97.88 
3.16 74.87 11.89 4.86 0.08 0.81 0.08 0.77 96.52 
3.22 75.33 12.1 5.03 0.08 0.76 0.04 0.81 97.37 
2.96 75 11.87 4.95 0.08 0.78 0.04 0.81 96.49 
3.15 74.78 11.91 4.85 0.07 0.78 0.05 0.8 96.39 
3.18 76.25 12.21 5.17 0.08 0.66 0.05 0.78 98.38 
3.03 75.09 11.88 5.09 0.07 0.84 0.06 0.8 96.86 
2.99 75.16 11.95 5.06 0.09 0.84 0.05 0.76 96.9 
3.23 74.9 11.74 5.11 0.07 0.67 0.04 0.76 96.52 
2.95 75.13 11.89 4.88 0.07 0.79 0.05 0.8 96.56 
3.04 74.72 11.99 5.11 0.07 0.76 0.06 0.76 96.51 
3.18 75.39 11.92 4.9 0.07 0.72 0.07 0.8 97.05 
3.29 74.32 12.02 4.97 0.09 0.78 0.04 0.86 96.37 
2.83 73.6 12.22 4.91 0.08 0.83 0.05 0.86 95.38 
3.21 74.42 11.9 4.72 0.06 0.66 0.05 0.82 95.84 
3.24 74.74 11.88 4.66 0.05 0.69 0.04 0.81 96.11 
3.37 74.44 11.99 4.93 0.03 0.67 0.02 0.81 96.26 
3.12 74.5 12.49 4.79 0.06 0.77 0.03 0.85 96.61 
3.05 75.28 12.21 4.95 0.08 0.79 0.06 0.83 97.25 
3.02 71.59 11.48 4.72 0.1 0.69 0.03 0.75 92.38 
3 70.8 11.44 4.82 0.04 0.69 0.03 0.78 91.6 
2.99 73.28 11.9 4.71 0.09 0.77 0.02 0.85 94.61 
2.89 72.59 11.85 5.02 0.05 0.81 0.04 0.82 94.07 
3.24 73.31 11.48 4.9 0.06 0.62 0.05 0.73 94.39 
2.84 73.39 11.95 5.09 0.07 0.78 0.06 0.8 94.98 
3.01 73.07 12.31 4.76 0.06 0.81 0.05 0.84 94.91 
3.07 72.51 11.83 4.83 0.06 0.69 0.04 0.82 93.85 
2.97 72.73 11.98 4.83 0.08 0.79 0.06 0.83 94.27 
3.19 74.19 11.96 4.87 0.04 0.67 0.02 0.79 95.73 
3 73.15 12.24 4.92 0.06 0.81 0.04 0.83 95.05 
2.91 71.96 12.2 4.38 0.06 1.05 0.05 0.81 93.42 
3.04 72.56 11.78 4.93 0.06 0.69 0.03 0.79 93.88 
2.98 71.99 11.82 4.71 0.07 0.65 0.05 0.82 93.09 
2.99 72.28 12.13 4.86 0.07 0.8 0.02 0.84 93.99 
2.96 72.16 12.02 4.87 0.07 0.81 0.04 0.79 93.72 
2.87 73.58 11.95 5 0.09 0.76 0.16 0.74 95.15 
407 
Table IV-ag Continued 
Na2O SiO2 Al2O3 K2O TiO2 CaO MgO FeO Total 
2.93 71.11 11.32 4.65 0.05 0.67 0.08 0.75 91.56 
3.16 74.35 11.64 4.89 0.08 0.68 0.05 0.77 95.62 
2.91 73.29 11.6 4.77 0.07 0.82 0.03 0.77 94.26 
3.22 74.74 11.69 4.75 0.08 0.64 0.03 0.76 95.91 
3.11 73.84 11.84 4.96 0.11 0.83 0.06 0.82 95.57 
3.35 72.89 11.91 4.47 0.06 0.73 0.05 0.83 94.29 
2.75 71.29 12.14 4.6 0.05 0.8 0.05 0.79 92.47 
3.09 72.52 11.92 4.74 0.07 0.78 0.06 0.81 93.99 
3.18 72.64 12.07 4.63 0.06 0.78 0.04 0.79 94.19 
3.45 71.77 11.9 4.48 0.05 0.67 0.03 0.81 93.16 
3.09 72.2 11.82 4.88 0.06 0.69 0.05 0.79 93.58 
3.14 71.63 11.93 4.67 0.08 0.8 0.05 0.86 93.16 
3.13 73.26 11.98 4.87 0.04 0.7 0.06 0.8 94.84 
2.78 71.98 11.97 4.75 0.09 0.72 0.06 0.83 93.18 
3.1 70.16 11.81 4.39 0.08 0.83 0.19 0.94 91.5 
2.95 71.94 11.9 4.89 0.05 0.81 0.07 0.79 93.4 
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Table IV-ah ODP Site 758 layers A and B; LOI free distal YTT glass shards data 
(Dehn et al., 1991) 
Na2O SiO2 Al2O3 K2O TiO2 CaO MgO FeO Total 
1.35 78.91 12.82 4.89 0.11 0.96 0.09 0.87 100 
3.23 77.61 12.57 5 0.08 0.72 0.03 0.76 100 
3.04 77.06 12.84 5.22 0.05 0.86 0.08 0.85 100 
3.1 77.27 12.69 5.17 0.07 0.83 0.05 0.81 100 
2.98 77.36 12.57 5.25 0.07 0.85 0.08 0.82 100 
2.92 77.42 12.73 5.13 0.08 0.83 0.05 0.83 100 
2.83 77.91 12.33 5.14 0.08 0.82 0.06 0.82 100 
3.18 77.09 12.76 5.09 0.07 0.88 0.05 0.87 100 
3.27 77.75 12.3 5.09 0.06 0.7 0.05 0.77 100 
2.97 77.49 12.67 5.06 0.05 0.8 0.06 0.89 100 
3.43 77.52 12.35 5.11 0.08 0.67 0.04 0.79 100 
3.21 77.33 12.61 5.29 0.06 0.69 0.03 0.78 100 
3.26 77.17 12.63 5.19 0.07 0.78 0.05 0.84 100 
3.11 77.55 12.46 5.1 0.09 0.82 0.04 0.84 100 
3.28 77.45 12.56 4.98 0.07 0.77 0.04 0.83 100 
3.23 77.21 12.62 5.1 0.09 0.87 0.05 0.82 100 
2.79 77.64 12.63 5.21 0.07 0.78 0.06 0.81 100 
3.12 77.68 12.31 5.22 0.07 0.78 0.03 0.79 100 
2.94 77.36 12.61 5.19 0.08 0.82 0.08 0.91 100 
3.26 77.83 12.27 5.05 0.05 0.71 0.04 0.79 100 
3.05 77.77 12.42 5.12 0.07 0.73 0.03 0.81 100 
3.17 77.28 12.7 5.01 0.08 0.81 0.08 0.87 100 
3.24 77.09 12.69 5.02 0.07 0.92 0.06 0.91 100 
3.32 77.49 12.38 5.16 0.08 0.7 0.06 0.8 100 
2.74 77.16 12.82 5.1 0.13 0.98 0.09 0.99 100 
3.09 77.39 12.38 5.54 0.07 0.69 0.02 0.82 100 
2.83 78.08 12.26 5.3 0.06 0.72 0.03 0.72 100 
2.96 77.59 12.39 5.21 0.1 0.86 0.04 0.84 100 
2.57 77.97 12.16 5.46 0.09 0.93 0.03 0.78 100 
2.91 77.76 12.33 5.17 0.05 0.83 0.02 0.93 100 
3.41 77.14 12.41 5.2 0.05 0.71 0.05 1.02 100 
3.11 77.11 12.81 5.11 0.09 0.84 0.01 0.92 100 
3.54 77.26 12.47 4.94 0.1 0.77 0.02 0.91 100 
3.41 77.25 12.33 5.33 0.06 0.72 0.01 0.89 100 
3.59 76.95 12.61 5.1 0.06 0.79 0.02 0.88 100 
3.44 77.1 12.48 5.07 0.1 0.88 0.04 0.9 100 
3.48 77.25 12.54 5.07 0.08 0.69 0.04 0.86 100 
3.09 76.77 12.94 5.04 0.1 1.03 0.04 0.99 100 
3.3 77.84 12.33 5.02 0.05 0.65 0.04 0.77 100 
409 
Table IV-ah Continued 
Na2O SiO2 Al2O3 K2O TiO2 CaO MgO FeO Total 
3.2 77.88 12.33 5.13 0.06 0.63 0.06 0.72 100 
3.21 77.54 12.22 5.26 0.08 0.83 0.04 0.81 100 
2.38 78.77 12.4 4.66 0.08 0.82 0.06 0.83 100 
3.13 78.01 12.03 5.2 0.07 0.7 0.08 0.77 100 
3.55 77.39 12.24 5.06 0.08 0.81 0.07 0.79 100 
3.17 77.51 12.2 5.2 0.1 0.79 0.21 0.83 100 
3.21 77.38 12.44 5.25 0.08 0.78 0.05 0.81 100 
3.27 77.57 12.32 5.04 0.08 0.84 0.08 0.8 100 
3.31 77.36 12.43 5.17 0.08 0.78 0.04 0.83 100 
3.07 77.73 12.3 5.13 0.08 0.81 0.04 0.84 100 
3.27 77.58 12.36 5.03 0.07 0.81 0.05 0.83 100 
3.23 77.51 12.41 5.26 0.08 0.67 0.05 0.79 100 
3.13 77.52 12.27 5.26 0.07 0.87 0.06 0.83 100 
3.09 77.56 12.33 5.22 0.09 0.87 0.05 0.78 100 
3.35 77.6 12.16 5.29 0.07 0.69 0.04 0.79 100 
3.06 77.81 12.31 5.05 0.07 0.82 0.05 0.83 100 
3.15 77.42 12.42 5.29 0.07 0.79 0.06 0.79 100 
3.28 77.68 12.28 5.05 0.07 0.74 0.07 0.82 100 
3.41 77.12 12.47 5.16 0.09 0.81 0.04 0.89 100 
2.97 77.17 12.81 5.15 0.08 0.87 0.05 0.9 100 
3.35 77.65 12.42 4.92 0.06 0.69 0.05 0.86 100 
3.37 77.77 12.36 4.85 0.05 0.72 0.04 0.84 100 
3.5 77.33 12.46 5.12 0.03 0.7 0.02 0.84 100 
3.23 77.11 12.93 4.96 0.06 0.8 0.03 0.88 100 
3.14 77.41 12.56 5.09 0.08 0.81 0.06 0.85 100 
3.27 77.5 12.43 5.11 0.11 0.75 0.03 0.81 100 
3.28 77.29 12.49 5.26 0.04 0.75 0.03 0.85 100 
3.16 77.45 12.58 4.98 0.1 0.81 0.02 0.9 100 
3.07 77.17 12.6 5.34 0.05 0.86 0.04 0.87 100 
3.43 77.67 12.16 5.19 0.06 0.66 0.05 0.77 100 
2.99 77.27 12.58 5.36 0.07 0.82 0.06 0.84 100 
3.17 76.99 12.97 5.02 0.06 0.85 0.05 0.89 100 
3.27 77.26 12.61 5.15 0.06 0.74 0.04 0.87 100 
3.15 77.15 12.71 5.12 0.08 0.84 0.06 0.88 100 
3.33 77.5 12.49 5.09 0.04 0.7 0.02 0.83 100 
3.16 76.96 12.88 5.18 0.06 0.85 0.04 0.87 100 
3.11 77.03 13.06 4.69 0.06 1.12 0.05 0.87 100 
3.24 77.29 12.55 5.25 0.06 0.73 0.03 0.84 100 
3.2 77.33 12.7 5.06 0.08 0.7 0.05 0.88 100 
3.18 76.9 12.91 5.17 0.07 0.85 0.02 0.89 100 
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Table IV-ah Continued 
Na2O SiO2 Al2O3 K2O TiO2 CaO MgO FeO Total 
3.16 77 12.83 5.2 0.07 0.86 0.04 0.84 100 
3.02 77.33 12.56 5.25 0.09 0.8 0.17 0.78 100 
3.2 77.66 12.36 5.08 0.05 0.73 0.09 0.82 100 
3.3 77.76 12.17 5.11 0.08 0.71 0.05 0.81 100 
3.09 77.75 12.31 5.06 0.07 0.87 0.03 0.82 100 
3.36 77.93 12.19 4.95 0.08 0.67 0.03 0.79 100 
3.25 77.26 12.39 5.19 0.12 0.87 0.06 0.86 100 
3.55 77.3 12.63 4.74 0.06 0.77 0.05 0.88 100 
2.97 77.1 13.13 4.97 0.05 0.87 0.05 0.85 100 
3.29 77.16 12.68 5.04 0.07 0.83 0.06 0.86 100 
3.38 77.12 12.81 4.92 0.06 0.83 0.04 0.84 100 
3.7 77.04 12.77 4.81 0.05 0.72 0.03 0.87 100 
3.3 77.15 12.63 5.21 0.06 0.74 0.05 0.84 100 
3.37 76.89 12.81 5.01 0.09 0.86 0.05 0.92 100 
3.3 77.25 12.63 5.13 0.04 0.74 0.06 0.84 100 
2.98 77.25 12.85 5.1 0.1 0.77 0.06 0.89 100 
3.39 76.68 12.91 4.8 0.09 0.91 0.21 1.03 100 
3.16 77.02 12.74 5.24 0.05 0.87 0.07 0.85 100 
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Table IV-ai ODP Site 758 layer C; distal MTT glass shards (Dehn et al., 1991) 
Na2O SiO2 Al2O3 K2O TiO2 CaO MgO FeO Total 
2.81 72.4 11.39 4.81 0.09 0.77 0.03 0.95 93.25 
3.18 73.4 11.75 5.04 0.04 0.63 0.01 0.94 94.99 
3.19 72.08 11.69 4.57 0.05 0.58 0.01 0.94 93.11 
3.58 72.24 11.64 4.66 0.03 0.48  0.94 93.57 
3.03 72.39 11.53 5.04 0.04 0.55  0.96 93.54 
3.12 71.93 11.55 4.89 0.07 0.65 0.01 0.92 93.14 
3.58 72.87 11.74 4.59 0.05 0.49  0.9 94.22 
3.32 72.34 11.45 4.65 0.03 0.53  0.95 93.27 
3.35 72.83 11.58 4.49 0.06 0.54  0.93 93.78 
3.05 71.36 11.52 4.88 0.06 0.65 0.02 0.95 92.49 
3.03 72.26 11.41 4.65 0.09 0.82 0.02 0.93 93.21 
3.06 72.75 11.81 4.99 0.07 0.64 0.01 0.91 94.24 
2.96 73.32 11.61 4.72 0.07 0.79 0.03 0.91 94.41 
3.19 74.24 12.02 4.95 0.03 0.62 0.01 0.98 96.04 
3.11 73.24 11.68 4.93 0.04 0.72 0.04 0.92 94.68 
3.01 73.02 11.66 4.59 0.06 0.66 0.01 0.89 93.9 
2.85 72.4 11.49 4.51 0.07 0.76 0.04 0.87 92.99 
3.65 73.01 11.55 4.31 0.02 0.46  0.9 93.9 
3.06 73.05 11.71 4.64 0.05 0.78 0.03 0.91 94.23 
3.3 73.39 11.91 4.59 0.05 0.65 0.02 0.89 94.8 
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Table IV-aj ODP Site 758 layer C; LOI free distal MTT glass shards data 
(Dehn et al., 1991) 
Na2O SiO2 Al2O3 K2O TiO2 CaO MgO FeO Total 
3.01 77.64 12.21 5.16 0.1 0.83 0.03 1.02 100 
3.35 77.27 12.37 5.31 0.04 0.66 0.01 0.99 100 
3.43 77.41 12.56 4.91 0.05 0.62 0.01 1.01 100 
3.83 77.2 12.44 4.98 0.03 0.51  1 100 
3.24 77.39 12.33 5.39 0.04 0.59  1.03 100 
3.35 77.23 12.4 5.25 0.08 0.7 0.01 0.99 100 
3.8 77.34 12.46 4.87 0.05 0.52  0.96 100 
3.56 77.56 12.28 4.99 0.03 0.57  1.02 100 
3.57 77.66 12.35 4.79 0.06 0.58  0.99 100 
3.3 77.15 12.46 5.28 0.06 0.7 0.02 1.03 100 
3.25 77.52 12.24 4.99 0.1 0.88 0.02 1 100 
3.25 77.2 12.53 5.29 0.07 0.68 0.01 0.97 100 
3.14 77.66 12.3 5 0.07 0.84 0.03 0.96 100 
3.32 77.3 12.52 5.15 0.03 0.65 0.01 1.02 100 
3.28 77.36 12.34 5.21 0.04 0.76 0.04 0.97 100 
3.21 77.76 12.42 4.89 0.06 0.7 0.01 0.95 100 
3.06 77.86 12.36 4.85 0.08 0.82 0.04 0.94 100 
3.89 77.75 12.3 4.59 0.02 0.49  0.96 100 
3.25 77.52 12.43 4.92 0.05 0.83 0.03 0.97 100 
3.48 77.42 12.56 4.84 0.05 0.69 0.02 0.94 100 
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Table IV-ak ODP Site 758 layer E; distal OTT glass shards (Dehn et al., 1991) 
Na2O SiO2 Al2O3 K2O TiO2 CaO MgO FeO Total 
3.88 72.26 12.27 3.9 0.12 0.82 0.11 1.15 94.51 
3.69 71.85 12.38 3.96 0.14 0.84 0.09 1.1 94.05 
3.84 71.42 12.53 3.98 0.14 0.85 0.09 1.15 94 
3.68 72.27 12.37 3.9 0.14 0.84 0.14 1.16 94.5 
3.94 70.33 12.85 3.83 0.18 0.97 0.15 1.22 93.47 
3.5 72.01 12.42 4.01 0.14 0.9 0.11 1.15 94.24 
3.89 71.13 12.34 4.18 0.11 0.83 0.11 1.1 93.69 
3.77 71.75 12.37 4.09 0.13 0.87 0.11 1.17 94.26 
3.09 72.25 12.52 3.85 0.12 0.87 0.13 1.08 93.91 
3.9 71.8 12.39 4.02 0.13 0.84 0.09 1.12 94.29 
3.79 70.68 12.16 3.87 0.1 0.86 0.1 1.14 92.7 
3.84 71.72 12.27 3.99 0.12 0.85 0.09 1.16 94.04 
3.82 72.14 12.21 3.97 0.16 0.93 0.09 1.22 94.54 
3.57 70 12.07 4 0.13 0.87 0.12 1.12 91.88 
3.6 70.74 12.25 4.19 0.15 0.86 0.11 1.27 93.17 
3.68 72.09 12.37 4.06 0.12 0.83 0.09 1.14 94.38 
3.46 71.13 12.16 4.1 0.11 0.88 0.12 1.15 93.11 
3.78 71.49 12.38 4.09 0.13 0.89 0.11 1.13 94 
3.76 71.56 12.08 3.99 0.16 0.84 0.1 1.13 93.62 
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Table IV-al ODP Site 758 layer C; LOI free distal OTT glass shards data 
(Dehn et al., 1991) 
Na2O SiO2 Al2O3 K2O TiO2 CaO MgO FeO Total 
4.11 76.46 12.98 4.13 0.13 0.87 0.12 1.22 100 
3.92 76.4 13.16 4.21 0.15 0.89 0.1 1.17 100 
4.09 75.98 13.33 4.23 0.15 0.9 0.1 1.22 100 
3.89 76.48 13.09 4.13 0.15 0.89 0.15 1.23 100 
4.22 75.24 13.75 4.1 0.19 1.04 0.16 1.31 100 
3.71 76.41 13.18 4.26 0.15 0.96 0.12 1.22 100 
4.15 75.92 13.17 4.46 0.12 0.89 0.12 1.17 100 
4 76.12 13.12 4.34 0.14 0.92 0.12 1.24 100 
3.29 76.94 13.33 4.1 0.13 0.93 0.14 1.15 100 
4.14 76.15 13.14 4.26 0.14 0.89 0.1 1.19 100 
4.09 76.25 13.12 4.17 0.11 0.93 0.11 1.23 100 
4.08 76.27 13.05 4.24 0.13 0.9 0.1 1.23 100 
4.04 76.31 12.92 4.2 0.17 0.98 0.1 1.29 100 
3.89 76.19 13.14 4.35 0.14 0.95 0.13 1.22 100 
3.86 75.93 13.15 4.5 0.16 0.92 0.12 1.36 100 
3.9 76.38 13.11 4.3 0.13 0.88 0.1 1.21 100 
3.72 76.39 13.06 4.4 0.12 0.95 0.13 1.24 100 
4.02 76.05 13.17 4.35 0.14 0.95 0.12 1.2 100 
4.02 76.44 12.9 4.26 0.17 0.9 0.11 1.21 100 
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Table IV-am Average composition of glass shards (Westgate et al., 1998) 
 Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO Total
Toba 3.15 77 12.1 4.98 0.06 0.15 0.7 0.09 0.04 0.82 99.1 
Mal 3.17 76 11.89 4.82 0.06 0.14 0.72 0.07 0.05 0.87 97.8 
Layer A 3.12 76.75 12.12 4.82 0.08 0.16 0.78 0.08 0.05 0.83 98.8 
Layer C 3.47 75.79 11.96 4.62 0.06 0.12 0.62 0.04 0.04 1 97.7 
Layer E 3.97 74.22 12.63 4.07 0.15 0.26 0.87 0.09 0.14 1.2 97.6 
Ind 2.99 75.52 11.9 4.8 0.05 0.13 0.78 0.05 0.04 0.84 97.1 
Ind 3.05 75.53 11.88 4.91 0.05 0.13 0.78 0.06 0.06 0.85 97.3 
Ind 3.19 76.64 11.84 4.95 0.05 0.14 0.74 0.03 0.05 0.85 98.5 
Ind 3.17 76.9 11.93 4.96 0.06 0.15 0.75 0.06 0.05 0.87 98.9 
Ind 3.04 76.83 11.95 5.06 0.03 0.14 0.79 0.06 0.05 0.86 98.8 
Ind 3.17 76.59 11.95 4.89 0.05 0.14 0.82 0.05 0.06 0.87 98.6 
Ind 3.1 76.76 11.94 4.98 0.09 0.13 0.81 0.05 0.06 0.87 98.8 
Ind 3.2 76.66 11.98 4.92 0.07 0.14 0.74 0.06 0.05 0.88 98.7 
Ind 3.14 75.7 11.84 4.96 0.05 0.12 0.75 0.05 0.04 0.85 97.5 
Ind 3.08 75.48 11.83 4.92 0.05 0.12 0.81 0.07 0.05 0.9 97.3 
Ind 3.04 76.03 11.88 5.08 0.07 0.15 0.76 0.06 0.06 0.88 98 
Ind 3.02 74.68 11.57 4.97 0.08 0.13 0.71 0.07 0.05 0.82 96.1 
Ind 3.09 75.68 11.9 4.88 0.07 0.14 0.77 0.07 0.05 0.88 97.5 
 
 NOTE: Toba = YTT from Toba caldera;  Mal = Malaysia;  Layer A = ODP 
758 layer A YTT; Layer C = MTT; Layer E = OTT;  Ind = Ash from India. 
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Table IV-an Average composition of glass shards, LOI free data (Westgate et al., 1998) 
 Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO Total
Toba 3.18 77.7 12.21 5.03 0.06 0.15 0.71 0.09 0.04 0.83 100 
Mal 3.24 77.71 12.16 4.93 0.06 0.14 0.74 0.07 0.05 0.89 100 
Layer A 3.16 77.68 12.27 4.88 0.08 0.16 0.79 0.08 0.05 0.84 100 
Layer C 3.55 77.57 12.24 4.73 0.06 0.12 0.63 0.04 0.04 1.02 100 
Layer E 4.07 76.05 12.94 4.17 0.15 0.27 0.89 0.09 0.14 1.23 100 
Ind 3.08 77.78 12.26 4.94 0.05 0.13 0.8 0.05 0.04 0.86 100 
Ind 3.13 77.63 12.21 5.05 0.05 0.13 0.8 0.06 0.06 0.87 100 
Ind 3.24 77.81 12.02 5.03 0.05 0.14 0.75 0.03 0.05 0.86 100 
Ind 3.21 77.76 12.06 5.02 0.06 0.15 0.76 0.06 0.05 0.88 100 
Ind 3.08 77.76 12.1 5.12 0.03 0.14 0.8 0.06 0.05 0.87 100 
Ind 3.22 77.68 12.12 4.96 0.05 0.14 0.83 0.05 0.06 0.88 100 
Ind 3.14 77.69 12.09 5.04 0.09 0.13 0.82 0.05 0.06 0.88 100 
Ind 3.24 77.67 12.14 4.98 0.07 0.14 0.75 0.06 0.05 0.89 100 
Ind 3.22 77.64 12.14 5.09 0.05 0.12 0.77 0.05 0.04 0.87 100 
Ind 3.17 77.57 12.16 5.06 0.05 0.12 0.83 0.07 0.05 0.92 100 
Ind 3.1 77.58 12.12 5.18 0.07 0.15 0.78 0.06 0.06 0.9 100 
Ind 3.14 77.71 12.04 5.17 0.08 0.14 0.74 0.07 0.05 0.85 100 
Ind 3.17 77.62 12.2 5 0.07 0.14 0.79 0.07 0.05 0.9 100 
 
 NOTE: Toba = YTT from Toba caldera;  Mal = Malaysia;  Layer A = ODP 
758 layer A YTT; Layer C = MTT; Layer E = OTT;  Ind = Ash from India. 
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APPENDIX V 
ELECTRON MICROPROBE ANALYSES OF APATITES FROM MILLBRIG AND 
OTHER NEAR MILLBRIG K-BENTONITES DISCUSSED IN CHAPTERS 5 AND 6 
(All data in weight percent, total iron expressed as FeO) 
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Table V-a Apatite phenocrysts from Reedsville, PA K-bentonite B-4 (Reported Millbrig) 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
54.27 0.057 0.125 0.145 42.51  3.09 0.152 0.305 0.047
53.93 0.059 0.136 0.134 41.83  3.22 0.177 0.291 0.048
54.62 0.061 0.122 0.135 41.61 0.001 3.09 0.181 0.163 0.048
54.89 0.068 0.153 0.125 41.70  3.27 0.172 0.137 0.051
54.53 0.074 0.072 0.199 40.12 0.058 3.21 0.358 0.188 0.057
54.29 0.087 0.077 0.197 41.15 0.030 3.27 0.164 0.128 0.057
53.99 0.064 0.125 0.141 41.13  3.08 0.182 0.275 0.049
53.92 0.058 0.125 0.149 41.98 0.001 3.26 0.142 0.161 0.058
54.32 0.084 0.149 0.132 42.07  3.05 0.175 0.183 0.034
54.24 0.060 0.127 0.138 40.86  2.99 0.181 0.285 0.050
54.21 0.061 0.124 0.139 41.65  3.14 0.182 0.209 0.045
53.31 0.063 0.126 0.143 41.00 0.002 3.17 0.183 0.311 0.047
54.02 0.058 0.122 0.153 41.98 0.001 3.10 0.179 0.180 0.048
54.23 0.065 0.122 0.140 41.75  3.07 0.182 0.162 0.050
53.85 0.063 0.125 0.143 42.08  3.06 0.181 0.233 0.046
53.91 0.068 0.126 0.138 42.10 0.001 3.06 0.181 0.165 0.052
54.01 0.055 0.123 0.140 42.15 0.001 3.08 0.184 0.251 0.052
54.45 0.059 0.126 0.138 41.26 0.001 3.20 0.185 0.224 0.048
54.66 0.062 0.123 0.139 42.59 0.000 2.98 0.178 0.166 0.048
54.29 0.068 0.130 0.141 41.64 0.024 3.32 0.132 0.153 0.051
54.02 0.062 0.084 0.205 40.94 0.056 3.37 0.148 0.199 0.053
54.37 0.061 0.123 0.134 41.65 0.022 3.22 0.169 0.152 0.045
54.25 0.089 0.071 0.204 41.46 0.064 3.27 0.152 0.125 0.052
54.17 0.058 0.121 0.145 41.08 0.023 3.25 0.138 0.217 0.042
53.94 0.116 0.083 0.260 41.72 0.097 3.23 0.152 0.176 0.061
54.46 0.065 0.125 0.139 41.61 0.026 3.14 0.173 0.172 0.040
54.30 0.064 0.122 0.143 41.77 0.024 3.03 0.174 0.178 0.043
54.21 0.061 0.130 0.145 41.69 0.020 3.30 0.174 0.214 0.048
53.79 0.053 0.127 0.145 40.50 0.023 3.17 0.173 0.350 0.048
54.18 0.062 0.121 0.143 41.01 0.028 3.15 0.171 0.220 0.048
54.08 0.057 0.130 0.141 40.97 0.022 3.10 0.170 0.218 0.047
54.35 0.070 0.147 0.131 41.86 0.027 3.29 0.169 0.163 0.039
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Table V-b Apatite phenocrysts from Union Furnace, PA @ 23.2 m (Reported Millbrig) 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
53.59 0.072 0.127 0.142 40.34 0.022 2.99 0.172 0.170 0.053
53.44 0.062 0.120 0.142 41.48 0.021 3.02 0.168 0.135 0.051
53.97 0.068 0.122 0.141 41.29 0.022 3.04 0.169 0.131 0.050
53.75 0.071 0.126 0.170 41.75 0.025 3.01 0.172 0.371 0.040
53.52 0.053 0.127 0.141 41.12 0.024 3.16 0.170 0.162 0.053
53.42 0.063 0.124 0.147 41.22 0.024 3.09 0.169 0.286 0.044
53.48 0.061 0.131 0.148 41.07 0.024 2.98 0.171 0.370 0.037
52.87 0.066 0.124 0.139 41.45 0.023 3.23 0.167 0.135 0.047
53.69 0.089 0.069 0.222 41.73 0.069 3.21 0.121 0.133 0.064
53.28 0.081 0.072 0.202 41.46 0.059 3.20 0.146 0.166 0.062
53.46 0.085 0.074 0.216 41.22 0.065 3.23 0.148 0.143 0.067
53.44 0.071 0.143 0.139 41.16 0.022 3.08 0.168 0.155 0.049
 
 
Table V-c Apatite phenocrysts from Daleville, VA (Reported Millbrig) 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
53.07 0.070 0.095 0.215 40.58 0.049 3.04 0.178 0.219 0.052
52.92 0.068 0.129 0.148 40.73 0.024 2.92 0.169 0.233 0.053
53.84 0.033 0.079 0.334 41.16 0.293 2.26 0.285 0.194 0.074
52.54 0.067 0.124 0.148 40.96 0.023 3.07 0.168 0.104 0.048
 
 
Table V-d Apatite phenocrysts from Tazewell, VA @ 11.6 m (Reported Millbrig) 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
53.64 0.060 0.148 0.131 39.35 0.016 3.31 0.178 0.284 0.044
53.33 0.055 0.123 0.146 39.39 0.023 3.15 0.178 0.306 0.046
53.81 0.066 0.141 0.127 39.74 0.016 3.28 0.171 0.170 0.047
54.21 0.057 0.124 0.138 39.75 0.020 3.18 0.175 0.143 0.057
54.22 0.064 0.126 0.144 39.19 0.021 3.09 0.174 0.206 0.051
53.83 0.057 0.118 0.140 40.11 0.021 3.11 0.178 0.147 0.050
53.15 0.056 0.122 0.143 39.78 0.022 3.21 0.179 0.210 0.045
53.75 0.074 0.144 0.131 38.90 0.018 3.34 0.172 0.157 0.048
53.29 0.068 0.129 0.145 39.59 0.020 3.15 0.180 0.338 0.050
53.53 0.063 0.126 0.139 40.77 0.021 3.21 0.177 0.127 0.051
 
 
420 
 
Table V-e Apatite phenocrysts from Catawba, VA K-bentonite B-1 (Reported Millbrig) 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
52.97 0.071 0.081 0.199 41.60 0.059 2.96 0.269 0.135 0.053
53.15 0.076 0.063 0.248 41.23 0.140 4.05  0.207 0.054
53.25 0.032 0.074 0.307 41.13 0.203 2.44 0.173 0.214 0.065
53.40 0.047 0.068 0.273 40.82 0.170 2.51 0.205 0.147 0.071
53.07 0.049 0.069 0.288 42.03 0.189 2.55 0.181 0.123 0.062
53.31 0.084 0.070 0.096 40.76 0.089 2.68 0.326 0.107  
53.23 0.100 0.073 0.211 41.66 0.070 3.17 0.377 0.174 0.038
52.93 0.035 0.094 0.290 41.00 0.106 1.86 0.465 0.288 0.060
53.60 0.080 0.078 0.498 41.13 0.338 2.72 0.390 0.176 0.060
51.83 0.069 0.074 0.218 40.50 0.076 3.01 0.250 0.150 0.049
 
 
Table V-f Apatite phenocrysts from Hagan, VA (Reported Millbrig). Fresh K-bentonite 
samples were exposed and collected from upper, middle and lower portion of a 1 m-thick 
layer. This table comprises data from samples mixed from every portion of the layer. 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
53.14 0.066 0.145 0.133 41.53 0.019 3.20 0.165 0.203 0.040
52.87 0.090 0.065 0.208 41.24 0.067 3.34 0.144 0.120 0.047
52.84 0.069 0.077 0.325 40.52 0.186 2.91 0.134 0.171 0.063
53.34 0.053 0.129 0.152 40.19 0.023 3.02 0.172 0.494 0.048
53.47 0.099 0.065 0.341 41.03 0.226 2.64 0.158 0.105 0.052
52.60 0.070 0.069 0.307 41.25 0.185 2.73 0.099 0.035 0.072
52.71 0.113 0.099 0.402 40.97 0.183 3.25 0.152 0.126 0.061
53.05 0.088 0.080 0.350 41.38 0.179 3.05 0.138 0.159 0.063
53.56 0.048 0.079 0.276 41.93 0.136 2.16 0.339 0.143 0.056
53.22 0.050 0.074 0.285 41.49 0.148 2.89 0.132 0.147 0.072
53.44 0.093 0.117 0.144 40.94 0.021 3.07 0.171 0.125 0.047
 
421 
Table V-g Apatite phenocrysts from Hagan, VA (Reported Millbrig). This table 
comprises data from samples from the upper 15.2 cm of the 1 m-thick layer. 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
54.66 0.062 0.071 0.288 42.95 0.163 2.66 0.200 0.073 0.073
54.44 0.091 0.089 0.274 41.77 0.062 3.01 0.217 0.187 0.058
54.37 0.077 0.099 0.259 41.80 0.045 2.96 0.199 0.190 0.054
54.61 0.078 0.090 0.203 41.73 0.044 3.09 0.192 0.154 0.064
53.80 0.081 0.122 0.145 41.38 0.025 2.87 0.181 0.916 0.056
54.68 0.074 0.093 0.200 42.49 0.041 2.85 0.192 0.095 0.060
53.07 0.062 0.091 0.295 41.34 0.073 2.27 0.450 0.645 0.055
54.53 0.080 0.062 0.243 42.57 0.109 3.79 0.413 0.046 0.066
54.43 0.084 0.091 0.205 42.34 0.044 3.06 0.193 0.131 0.059
54.39 0.073 0.122 0.167 41.97 0.025 3.00 0.186 0.224 0.059
54.78 0.069 0.120 0.141 41.69 0.024 2.90 0.188 0.166 0.058
54.03 0.075 0.090 0.211 41.16 0.046 3.00 0.199 0.348 0.061
54.24 0.095 0.087 0.207 41.27 0.056 3.10 0.188 0.278 0.068
54.39 0.079 0.068 0.223 42.26 0.061 2.95 0.199 0.181 0.056
54.84 0.082 0.071 0.195 42.71 0.056 2.76 0.186 0.164 0.063
54.68 0.068 0.068 0.221 42.21 0.065 2.90 0.200 0.120 0.060
54.37 0.069 0.066 0.237 42.63 0.092 2.85 0.269 0.164 0.062
54.44 0.060 0.073 0.273 41.46 0.112 2.89 0.193 0.188 0.069
54.22 0.072 0.069 0.269 42.22 0.157 2.62 0.293 0.125 0.063
53.42 0.222 0.100 0.597 42.60 0.277 3.16 0.095 0.049 0.063
54.98 0.050 0.071 0.223 42.62 0.072 2.84 0.191 0.123 0.069
54.23 0.060 0.079 0.248 41.77 0.085 2.68 0.248 0.220 0.076
53.36 0.163 0.173 0.425 41.36 0.121 3.26 0.167 0.292 0.041
54.05 0.064 0.095 0.214 41.16 0.045 2.99 0.197 0.401 0.051
53.68 0.061 0.088 0.211 41.72 0.039 2.95 0.206 0.082 0.047
53.23 0.041 0.055 0.429 41.60 0.288 2.76 0.486 0.091 0.053
52.81 0.196 0.150 0.265 41.48 0.043 3.41 0.269 0.123 0.035
53.63 0.031 0.075 0.269 41.60 0.095 2.45 0.264 0.236 0.064
53.53 0.068 0.069 0.245 41.67 0.048 3.03 0.207 0.104 0.063
53.52 0.038 0.104 0.353 41.87 0.135 1.49 0.590 0.041 0.064
53.67 0.064 0.073 0.247 41.91 0.069 2.85 0.216 0.094 0.060
53.66 0.061 0.095 0.209 41.79 0.042 2.83 0.216 0.081 0.063
53.80 0.062 0.072 0.217 41.91 0.055 2.98 0.211 0.086 0.060
53.73 0.046 0.075 0.263 41.72 0.092 2.50 0.307 0.091 0.066
53.67 0.071 0.128 0.148 41.53 0.023 3.06 0.204 0.139 0.048
53.40 0.062 0.091 0.236 41.58 0.040 3.04 0.207 0.109 0.064
53.61 0.060 0.075 0.233 41.81 0.065 3.10 0.219 0.096 0.064
53.63 0.068 0.092 0.216 41.98 0.040 3.02 0.210 0.093 0.054
53.87 0.053 0.059 0.202 41.85 0.098 3.39 0.188 0.164 0.055
422 
 
Table V-h Apatite phenocrysts from Hagan, VA (Reported Millbrig). This table 
comprises data from samples from the lower 15.2 cm of the 1 m-thick layer. 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
54.75 0.065 0.138 0.129 42.85 0.019 2.90 0.185 0.167 0.057
54.44 0.061 0.130 0.186 42.04 0.038 2.58 0.214 0.133 0.055
54.41 0.065 0.120 0.236 42.36 0.023 2.85 0.191 0.226 0.060
55.28 0.080 0.111 0.169 42.37 0.032 2.89 0.173 0.124 0.064
54.26 0.056 0.125 0.151 42.08 0.023 2.81 0.189 0.250 0.056
54.28 0.062 0.085 0.257 41.38 0.056 2.81 0.195 0.443 0.062
53.51 0.058 0.093 0.264 41.61 0.055 2.70 0.224 0.597 0.065
54.36 0.065 0.123 0.141 42.34 0.024 2.80 0.193 0.178 0.061
54.70 0.060 0.123 0.148 42.16 0.025 2.78 0.190 0.157 0.054
54.57 0.072 0.132 0.135 42.19 0.022 2.86 0.184 0.173 0.064
54.58 0.067 0.121 0.135 42.24 0.025 2.89 0.187 0.082 0.056
54.63 0.079 0.125 0.149 42.49 0.025 2.78 0.189 0.135 0.052
54.47 0.072 0.095 0.213 41.36 0.045 2.84 0.196 0.175 0.070
54.49 0.079 0.104 0.170 41.67 0.030 2.80 0.195 0.157 0.059
54.26 0.101 0.069 0.216 41.69 0.065 2.90 0.180 0.244 0.064
54.73 0.070 0.122 0.137 43.19 0.022 2.73 0.184 0.029 0.057
54.20 0.096 0.087 0.371 42.30 0.178 2.77 0.160 0.101 0.076
54.26 0.071 0.079 0.209 42.07 0.061 2.87 0.167 0.254 0.056
54.57 0.065 0.128 0.190 42.30 0.040 2.66 0.226 0.205 0.058
54.61 0.073 0.122 0.138 42.25 0.025 2.77 0.185 0.058 0.059
53.58 0.068 0.099 0.194 42.07 0.041 2.73 0.193 0.067 0.056
53.79 0.076 0.129 0.146 41.74 0.021 3.00 0.189 0.070 0.051
53.61 0.069 0.122 0.149 42.04 0.022 2.87 0.207 0.084 0.050
53.93 0.050 0.121 0.147 41.92 0.023 2.89 0.192 0.051 0.044
53.83 0.059 0.121 0.135 42.35 0.019 2.91 0.188 0.000 0.050
53.74 0.073 0.141 0.149 41.85 0.021 2.89 0.192 0.073 0.045
51.83 0.190 0.158 0.751 41.25 0.178 3.56 0.163 0.204 0.044
53.61 0.044 0.123 0.136 41.86 0.020 2.83 0.202 0.094 0.051
53.55 0.057 0.109 0.164 41.64 0.026 2.86 0.204 0.083 0.057
53.51 0.051 0.080 0.334 42.24 0.153 2.65 0.153 0.038 0.063
53.31 0.048 0.127 0.143 41.51 0.021 2.89 0.203 0.297 0.052
53.69 0.052 0.121 0.154 41.61 0.049 2.79 0.207 0.191 0.055
53.19 0.044 0.121 0.150 41.45 0.021 2.75 0.207 0.335 0.050
53.19 0.085 0.091 0.398 41.76 0.179 2.84 0.172 0.076 0.060
423 
 
Table V-h Continued.... 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
53.70 0.051 0.120 0.148 41.97 0.020 2.73 0.202 0.151 0.054
53.57 0.051 0.125 0.146 41.73 0.020 2.82 0.204 0.149 0.060
53.55 0.049 0.143 0.207 41.67 0.035 2.68 0.232 0.183 0.061
53.71 0.076 0.127 0.184 41.58 0.022 2.90 0.203 0.163 0.049
53.92 0.075 0.117 0.160 42.25 0.028 2.80 0.205 0.072 0.063
53.70 0.050 0.117 0.167 42.03 0.029 2.74 0.206 0.052 0.050
53.27 0.048 0.136 0.140 41.58 0.019 2.93 0.204 0.346 0.051
53.68 0.053 0.132 0.149 41.83 0.021 2.84 0.204 0.152 0.053
53.93 0.060 0.116 0.134 42.08 0.020 2.83 0.193 0.000 0.052
53.73 0.052 0.121 0.144 41.72 0.020 2.84 0.204 0.118 0.053
53.56 0.049 0.126 0.145 41.69 0.029 2.84 0.206 0.227 0.048
53.75 0.049 0.131 0.193 41.88 0.034 2.67 0.231 0.084 0.054
53.35 0.064 0.096 0.293 41.73 0.037 2.87 0.208 0.144 0.058
 
424 
 
Table V-i Apatite phenocrysts from Shakertown, KY (Reported Millbrig) 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
58.38 0.070 0.121 0.142 42.45 0.017  0.169   
58.56 0.061 0.068 0.280 42.70 0.167  0.228   
58.54 0.057 0.071 0.281 42.75 0.173  0.229   
58.76 0.053 0.132 0.176 42.16 0.031  0.199   
58.84 0.067 0.152 0.129 42.19 0.014  0.176   
59.32 0.068 0.162 0.131 42.44 0.013  0.173   
59.32 0.067 0.138 0.160 42.19 0.028  0.221   
58.32 0.117 0.042 0.222 42.15 0.132  0.171   
57.08 0.066 0.123 0.134 43.94 0.010 3.49 0.169 0.041  
56.80 0.055 0.069 0.283 43.14 0.160 2.95 0.225 0.024  
56.40 0.050 0.124 0.178 42.90 0.022 3.15 0.196 0.170  
56.70 0.067 0.139 0.133 42.94 0.009 3.44 0.169 0.128  
57.19 0.070 0.128 0.162 43.45 0.022 3.12 0.211 0.015  
56.69 0.116 0.051 0.221 42.85 0.124 3.43 0.166 0.150  
59.37 0.075 0.124 0.145 42.40 0.015  0.188   
58.73 0.087 0.058 0.210 42.53 0.061  0.162   
59.02 0.058 0.143 0.141 42.33 0.016  0.185   
58.47 0.066 0.115 0.157 42.63 0.016  0.186   
58.49 0.066 0.127 0.145 42.09 0.016  0.167   
58.19 0.107 0.078 0.206 42.73 0.043  0.183   
57.13 0.089 0.127 0.155 42.78 0.009 3.34 0.181 0.158  
57.44 0.083 0.075 0.214 43.07 0.057 3.38 0.156 0.119  
56.97 0.062 0.125 0.139 43.09 0.011 3.25 0.179 0.099  
56.54 0.060 0.125 0.168 43.46 0.012 3.28 0.184 0.140  
56.87 0.070 0.125 0.139 43.17 0.010 3.63 0.169 0.109  
56.48 0.108 0.081 0.207 43.32 0.040 3.71 0.184 0.024  
53.42 0.061 0.124 0.145 40.68 0.022 3.26 0.186 0.155 0.048
53.76 0.061 0.122 0.139 41.06 0.017 3.20 0.182 0.223 0.052
54.14 0.064 0.128 0.146 40.80 0.015 3.34 0.179 0.151 0.058
53.95 0.108 0.080 0.246 42.37 0.081 3.47 0.159 0.029 0.079
54.33 0.048 0.138 0.131 42.07 0.013 3.18 0.175 0.136 0.057
54.03 0.075 0.074 0.250 41.16 0.063 3.50 0.129 0.184 0.088
53.84 0.085 0.088 0.272 41.12 0.113 2.93 0.196 0.291 0.053
54.01 0.055 0.126 0.150 40.13 0.018 3.46 0.154 0.320 0.053
54.36 0.069 0.086 0.202 41.16 0.071  0.229 0.229 0.062
54.98 0.073 0.134 0.135 40.34 0.026 3.34 0.149 0.185 0.058
54.45 0.078 0.122 0.143 41.31 0.021 3.06 0.173 0.182 0.050
54.53 0.066 0.127 0.141 41.52 0.021 2.90 0.173 0.165 0.044
54.26 0.048 0.083 0.346 40.90 0.188 3.22 0.137 0.201 0.064
425 
 
Table V-i Continued.... 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
54.48 0.060 0.123 0.144 41.23 0.022 3.17 0.171 0.224 0.046
54.23 0.060 0.143 0.135 40.83 0.018 3.05 0.170 0.307 0.039
54.29 0.054 0.125 0.147 41.57 0.022 3.09 0.169 0.377 0.043
54.05 0.104 0.088 0.303 41.48 0.116 3.24 0.142 0.176 0.066
54.55 0.077 0.121 0.143 40.89 0.020 3.10 0.172 0.234 0.048
54.43 0.061 0.126 0.144 42.02 0.022 3.07 0.175 0.346 0.047
53.17 0.049 0.126 0.146 40.41 0.023 2.91 0.167 0.371 0.047
52.90 0.058 0.123 0.228 41.28 0.025 2.94 0.172 0.137 0.038
53.59 0.089 0.146 0.128 41.09 0.019 3.10 0.167 0.214 0.045
52.91 0.053 0.130 0.151 40.37 0.023 2.91 0.177 0.537 0.050
 
426 
 
Table V-j Apatite phenocrysts from St. Louis, MO (Reported Millbrig) 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
53.37 0.056 0.129 0.144 41.25 0.023 2.93 0.176 0.301 0.047
53.76 0.069 0.127 0.165 41.44 0.023 3.00 0.174 0.163 0.043
53.54 0.065 0.124 0.144 40.72 0.024 3.07 0.172 0.181 0.044
53.08 0.056 0.123 0.143 41.14 0.024 2.97 0.173 0.320 0.050
53.27 0.053 0.126 0.146 42.05 0.023 2.98 0.175 0.258 0.045
53.41 0.067 0.117 0.144 41.29 0.022 3.06 0.172 0.130 0.043
53.43 0.063 0.122 0.142 41.33 0.021 2.99 0.173 0.127 0.048
53.60 0.055 0.125 0.146 41.14 0.024 2.99 0.170 0.244 0.046
53.87 0.059 0.121 0.142 41.97 0.022 3.07 0.170 0.092 0.046
53.60 0.059 0.126 0.142 41.78 0.022 2.98 0.172 0.209 0.055
54.04 0.061 0.125 0.144 41.12 0.024 2.99 0.173 0.129 0.044
53.46 0.057 0.126 0.148 41.62 0.023 3.02 0.169 0.278 0.048
53.51 0.058 0.125 0.138 41.30 0.022 3.03 0.174 0.185 0.043
53.52 0.061 0.149 0.139 41.61 0.019 2.99 0.172 0.277 0.047
53.79 0.057 0.143 0.121 42.38 0.025 2.52  0.084 0.039
53.95 0.058 0.119 0.149 41.85 0.023 2.95 0.173 0.237 0.044
53.82 0.055 0.124 0.142 41.57 0.022 3.00 0.178 0.325 0.050
53.34 0.057 0.119 0.151 41.66 0.023 3.00 0.175 0.343 0.041
53.42 0.084 0.084 0.227 41.27 0.050 3.09 0.176 0.256 0.053
53.54 0.058 0.116 0.158 41.77 0.029 2.91 0.191 0.194 0.051
53.81 0.068 0.145 0.204 41.28 0.043 2.76 0.203 0.193 0.045
53.10 0.117 0.185 0.173 41.53 0.037 2.36  0.219 0.045
53.62 0.066 0.127 0.151 41.57 0.025 3.03 0.161 0.149 0.045
53.33 0.082 0.077 0.184 41.96 0.057 3.02 0.165 0.141 0.053
 
427 
 
Table V-k Apatite phenocrysts from Reedsville, PA K-bentonite B-5 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
54.39 0.079 0.070 0.199 41.99 0.065 3.26 0.226 0.041 0.055
54.14 0.078 0.161 0.113 41.42 0.012 3.41 0.188 0.290 0.053
54.53 0.076 0.065 0.206 41.65 0.062 3.39 0.195 0.223 0.048
53.90 0.079 0.068 0.197 41.05 0.058 3.38 0.222 0.322 0.054
54.07 0.078 0.075 0.190 40.71 0.050 3.44 0.222 0.195 0.047
54.43 0.074 0.148 0.109 40.76 0.008 3.43 0.179 0.174 0.050
53.80 0.068 0.067 0.211 40.61 0.059 3.54 0.216 0.235 0.062
53.71 0.062 0.064 0.220 41.15 0.087 3.31 0.194 0.140 0.063
53.04 0.070 0.069 0.209 40.26 0.065 3.44 0.228 0.339 0.061
54.04 0.081 0.063 0.195 42.21 0.064 3.47 0.215 0.151 0.068
53.40 0.052 0.133 0.155 40.64 0.021 3.15 0.281 0.310 0.049
54.34 0.071 0.066 0.214 40.67 0.069 3.57 0.171 0.479 0.061
53.23 0.069 0.069 0.204 41.56 0.059 3.38 0.221 0.458 0.063
53.97 0.074 0.064 0.195 41.54 0.064 3.48 0.202 0.097 0.062
54.07 0.076 0.066 0.194 41.76 0.062 3.55 0.175 0.127 0.057
53.94 0.076 0.071 0.191 41.39 0.055 3.33 0.202 0.161 0.048
54.47 0.081 0.151 0.113 41.36 0.015 3.24 0.169 0.106 0.029
53.97 0.062 0.066 0.202 40.96 0.066 3.36 0.214 0.312 0.049
54.05 0.075 0.081 0.186 41.35 0.050 3.15 0.222 0.165 0.041
54.15 0.078 0.063 0.189 41.62 0.066 3.25 0.198 0.086 0.046
54.23 0.066 0.066 0.201 41.47 0.066 3.24 0.212 0.186 0.045
53.90 0.062 0.068 0.213 40.79 0.072 3.31 0.216 0.379 0.049
53.96 0.091 0.144 0.113 41.29 0.017 3.29 0.171 0.179 0.030
53.74 0.070 0.072 0.259 40.43 0.067 3.54 0.174 0.265 0.048
54.24 0.073 0.068 0.200 40.79 0.063 3.42 0.167 0.147 0.047
54.36 0.076 0.064 0.220 41.97 0.072 3.35 0.175 0.060 0.051
54.11 0.072 0.065 0.198 40.92 0.065 3.41 0.218 0.160 0.044
53.95 0.078 0.069 0.196 41.61 0.063 3.24 0.207 0.173 0.052
53.83 0.080 0.141 0.134 41.21 0.023 3.37 0.177 0.216 0.063
53.17 0.071 0.065 0.209 41.07 0.066 3.14 0.199 0.378 0.048
53.51 0.079 0.073 0.203 41.96 0.062 3.21 0.195 0.107 0.044
52.77 0.056 0.069 0.247 40.69 0.104 2.89 0.238 0.632 0.049
53.63 0.068 0.120 0.233 42.04 0.048 2.84 0.302 0.160 0.051
53.28 0.071 0.068 0.218 42.04 0.067 3.15 0.215 0.227 0.047
53.51 0.072 0.149 0.120 41.52 0.013 3.09 0.178 0.265 0.040
52.78 0.084 0.071 0.198 40.46 0.061 3.32 0.211 0.534 0.044
53.25 0.061 0.060 0.285 41.02 0.130 3.86 0.340 0.296 0.047
53.48 0.069 0.064 0.221 41.54 0.073 3.19 0.207 0.132 0.041
53.22 0.065 0.066 0.230 41.72 0.072 3.25 0.189 0.363 0.049
53.21 0.065 0.071 0.208 40.41 0.063 3.06 0.219 0.398 0.047
428 
 
Table V-l Apatite phenocrysts from Tazewell, VA @ 21.5 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
53.03 0.191 0.078 0.302 40.01 0.219 2.86 0.226 0.142 0.052
53.52 0.084 0.065 0.195 39.75 0.065 3.26 0.214 0.165 0.051
52.73 0.033 0.076 0.404 39.12 0.250 2.66 0.116 0.192 0.069
53.38 0.087 0.067 0.191 40.59 0.063 3.35 0.204 0.085 0.051
53.33 0.084 0.065 0.198 40.07 0.071 3.37 0.208 0.157 0.087
53.37 0.094 0.064 0.191 40.52 0.062 3.29 0.204 0.047 0.039
53.35 0.069 0.065 0.203 40.24 0.068 3.27 0.206 0.236 0.050
53.89 0.088 0.064 0.193 41.07 0.062 3.30 0.204 0.139 0.055
53.89 0.082 0.064 0.190 40.50 0.060 3.27 0.189 0.120 0.043
53.42 0.086 0.066 0.190 40.80 0.066 3.35 0.205 0.040 0.053
 
 
Table V-m Apatite phenocrysts from the Hounsfield K-bentonite, Dexter, NY 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
54.97 0.056 0.127 0.145 42.77 0.023 2.83 0.174 0.182 0.047
54.82 0.052 0.123 0.142 42.24 0.026 2.79 0.171 0.277 0.050
54.98 0.072 0.145 0.133 41.78 0.020 3.02 0.169 0.148 0.038
54.76 0.062 0.140 0.131 42.29 0.021 2.95 0.165 0.187 0.038
54.77 0.072 0.098 0.196 41.96 0.045 2.81 0.157 0.142 0.060
54.60 0.075 0.077 0.205 42.30 0.056 2.97 0.157 0.160 0.059
54.91 0.051 0.127 0.216 42.67 0.036 2.76 0.185 0.117 0.046
54.81 0.082 0.075 0.198 41.89 0.049 3.15 0.099 0.132 0.031
54.94 0.064 0.124 0.134 41.78 0.024 2.92 0.168 0.201 0.053
54.27 0.059 0.122 0.139 41.16 0.025 3.08 0.166 0.236 0.043
54.71 0.085 0.114 0.149 41.99 0.024 3.08 0.135 0.202 0.065
54.48 0.057 0.056 0.253 40.95 0.108 3.15 0.128 0.389 0.057
55.22 0.128 0.065 0.073 40.23 0.020  0.089 0.224 0.061
54.62 0.047 0.079 0.228 42.41 0.060 3.10 0.132   
54.71 0.055 0.124 0.152 42.14 0.026 2.94 0.169 0.246 0.043
54.43 0.060 0.159 0.145 41.29 0.022 3.00 0.167 0.480 0.043
54.94 0.083 0.062 0.060 41.27 0.017 3.46 0.075 0.159 0.063
54.36 0.052 0.129 0.150 41.21 0.025 2.96 0.168 0.471 0.049
54.84 0.079 0.090 0.146 41.79 0.030 3.29 0.140 0.340 0.063
54.77 0.055 0.118 0.154 40.91 0.028 3.35 0.111 0.232 0.053
54.91 0.056 0.140 0.214 42.05 0.045 2.82 0.201 0.207 0.050
54.66 0.056 0.125 0.149 41.92 0.022 2.84 0.172 0.177 0.047
54.60 0.051 0.121 0.206 41.22 0.037 2.84 0.181 0.119 0.054
54.70 0.065 0.124 0.136 42.50 0.023 2.84 0.171 0.248 0.041
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Table V-n Apatite phenocrysts from Hagan, VA (Reported Deicke) 
CaO Na2O MnO FeO P2O5 MgO F Cl 
51.15 0.079 0.052 0.202 41.33 0.113 4.44 0.271 
51.33 0.067 0.057 0.201 41.80 0.109 4.05 0.282 
51.14 0.078 0.064 0.187 41.02 0.102 3.65 0.289 
52.23 0.076 0.075 0.184 41.65 0.099 3.32 0.296 
52.30 0.081 0.086 0.187 41.64 0.102 3.58 0.290 
51.80 0.072 0.082 0.188 42.02 0.102 3.48 0.292 
52.02 0.070 0.082 0.190 41.16 0.106 3.59 0.290 
51.62 0.072 0.074 0.216 41.44 0.123 4.63 0.254 
51.51 0.073 0.076 0.200 41.59 0.110 3.65 0.298 
51.27 0.069 0.037 0.200 40.51 0.114 4.74 0.303 
51.89 0.088 0.069 0.205 41.33 0.117 4.09 0.278 
51.54 0.087 0.064 0.203 41.93 0.114 3.96 0.280 
51.82 0.076 0.060 0.199 41.82 0.110 3.52 0.303 
51.75 0.066 0.059 0.193 40.93 0.120 3.85 0.284 
52.83 0.073 0.010 0.194 41.82 0.111 3.57 0.292 
53.12 0.074 0.078 0.194 41.36 0.109 3.42 0.291 
52.86 0.077 0.091 0.195 41.64 0.110 3.45 0.292 
52.31 0.089 0.076 0.210 41.89 0.116 3.94 0.311 
52.59 0.070 0.068 0.200 41.79 0.110 3.82 0.256 
 
 
Table V-o Apatite phenocrysts from Strasburg, VA K-bentonite B-4 (Deicke) 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 
50.17 0.098 0.056 0.192 38.90 0.106 3.69 0.306  
50.96 0.078  0.194 39.49 0.111 3.15 0.289  
50.59 0.068 0.084 0.209 39.61 0.104 3.93 0.320  
50.87 0.070 0.059 0.202 38.79 0.111 3.97 0.298  
51.22 0.066   39.36 0.113 3.58 0.199  
50.94 0.074 0.089 0.199 38.97 0.112 3.30 0.295  
55.58 0.076 0.065 0.206 41.82 0.098 3.32 0.301 0.165
55.24 0.087 0.064 0.190 41.85 0.093 3.36 0.318 0.088
56.17 0.086 0.065 0.200 42.04 0.098 3.35 0.285 0.170
55.89 0.071 0.061 0.202 41.14 0.103 3.47 0.284 0.154
55.60 0.068 0.063 0.184 41.12 0.085 3.37 0.298 0.352
55.35 0.088 0.065 0.191 42.44 0.089 3.31 0.302 0.058
55.58 0.066 0.064 0.197 41.44 0.095 3.29 0.289 0.225
55.08 0.056 0.069 0.214 40.73 0.101 3.33 0.306 0.551
56.23 0.076 0.066 0.188 41.96 0.087 3.35 0.306 0.087
55.46 0.066 0.060 0.191 41.51 0.101 3.78 0.261 0.151
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Table V-p Apatite phenocrysts from Reedsville, PA K-bentonite B-2 (Deicke) 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
53.80 0.069 0.058 0.196 41.97 0.082 3.16 0.230 0.181 0.054
54.08 0.087 0.062 0.195 42.62 0.080 3.10 0.291 0.172 0.055
54.09 0.084 0.057 0.184 41.49 0.081 3.29 0.291 0.129 0.053
54.06 0.062 0.065 0.183 41.56 0.061 2.94 0.340 0.138 0.051
53.42 0.077 0.066 0.210 41.40 0.078 2.94 0.302 0.338 0.052
53.37 0.104 0.058 0.200 41.54 0.091 3.02 0.279 0.159 0.054
53.32 0.069 0.060 0.195 41.55 0.084 3.09 0.275 0.167 0.056
53.85 0.060 0.060 0.198 42.11 0.082 3.11 0.263 0.229 0.052
53.81 0.070 0.066 0.184 42.29 0.072 2.90 0.315 0.147 0.054
54.15 0.081 0.062 0.197 42.87 0.081 3.04 0.293 0.106 0.052
53.48 0.069 0.060 0.199 42.05 0.086 3.12 0.277 0.154 0.055
54.25 0.071 0.064 0.175 42.16 0.065 3.04 0.324 0.068 0.056
54.63 0.065 0.058 0.192 42.10 0.080 3.14 0.289 0.211 0.052
54.77 0.065 0.058 0.203 42.02 0.081 3.14 0.275 0.247 0.052
54.80 0.068 0.060 0.189 41.69 0.080 3.18 0.274 0.094 0.061
54.83 0.098 0.059 0.195 42.38 0.086 3.26 0.271 0.130 0.059
54.35 0.075 0.058 0.196 42.01 0.081 3.29 0.268 0.149 0.054
54.43 0.065 0.063 0.197 41.31 0.078 3.27 0.286 0.224 0.055
54.75 0.072 0.063 0.185 41.47 0.071 3.12 0.304 0.053 0.052
 
 
Table V-q Apatite phenocrysts from Catawba, VA K-bentonite B-2a 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
53.69 0.122 0.092 0.058 41.37 0.006 3.20 0.609 0.239 0.111
52.42 0.055 0.099 0.037 41.48  3.34 0.655 0.155 0.070
53.39 0.124 0.045 0.340 40.65 0.102 3.38 0.322 0.372 0.163
53.03 0.045 0.044 0.087 40.91 0.050 3.13 0.332 0.211 0.179
53.38 0.104 0.097 0.217 40.75 0.126 2.63 0.372 0.094 0.162
52.78 0.055 0.041 0.080 41.02 0.039 3.59 0.367 0.158 0.101
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Table V-r Apatite phenocrysts from Strasburg, VA K-bentonite B-5 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
54.30 0.106 0.140 0.287 40.58 0.219 2.67 0.896 0.211 0.095
55.19 0.095 0.139 0.294 41.15 0.225 2.97 0.823 0.223 0.103
53.61 0.137 0.138 0.295 40.47 0.218 2.63 0.887 0.273 0.116
54.07 0.065 0.129 0.295 40.95 0.221 2.92 0.813 0.221 0.092
52.85 0.134 0.133 0.310 39.87 0.254 2.73 0.856 0.281 0.096
54.47 0.086 0.138 0.295 41.30 0.222 3.00 0.811 0.210 0.097
52.44 0.190 0.157 0.251 38.70 0.165 2.98 0.917 1.385 0.095
53.92 0.101 0.127 0.323 40.59 0.248 2.55 0.849 0.240 0.095
53.72 0.211 0.133 0.290 39.68 0.211 2.93 0.781 0.188 0.165
53.96 0.134 0.134 0.313 39.06 0.248 2.79 0.785 0.208 0.094
54.30 0.085 0.130 0.299 40.32 0.238 3.10 0.729 0.187 0.092
53.71 0.126 0.155 0.238 40.40 0.159 2.97 0.824 0.190 0.105
54.13 0.082 0.131 0.300 39.46 0.237 2.71 0.782 0.170 0.085
55.11 0.080 0.132 0.280 39.39 0.207 3.21 0.640 0.222 0.103
54.63 0.088 0.125  41.47 0.217 3.26 0.640 0.243 0.092
53.16 0.109 0.128 0.326 41.11 0.248 2.46 0.853 0.236 0.094
53.05 0.143 0.160 0.246 41.02 0.158 2.84 0.936 0.257 0.086
53.11 0.142 0.146 0.306 41.26 0.224 2.62 0.898 0.264 0.108
53.25 0.129 0.136 0.322 40.69 0.239 2.48 0.870 0.266 0.095
53.42 0.088 0.134 0.303 41.38 0.232 2.59 0.795 0.219 0.090
53.28 0.109 0.158 0.244 40.97 0.156 2.96 0.919 0.237 0.095
53.30 0.083 0.133 0.307 40.96 0.233 2.48 0.837 0.217 0.093
53.25 0.069 0.137 0.290 40.63 0.225 2.46 0.726 0.317 0.092
53.36 0.103 0.143 0.299 40.55 0.229 2.68 0.861 0.213 0.089
53.15 0.085 0.140 0.288 40.88 0.219 2.72 0.898 0.189 0.090
53.23 0.111 0.143 0.303 40.82 0.217 2.66 0.894 0.259 0.104
53.22 0.053 0.138 0.284 41.38 0.212 2.59 0.849 0.144 0.094
53.07 0.126 0.136 0.320 40.37 0.237 2.51 0.867 0.270 0.093
53.16 0.086 0.141 0.302 40.67 0.229 2.48 0.822 0.205 0.090
53.65 0.121 0.132 0.310 40.86 0.244 2.85 0.867 0.274 0.105
54.10 0.100 0.149 0.297 41.42 0.220 2.85 0.912 0.244 0.098
53.85 0.131 0.140 0.305 41.15 0.224 2.90 0.913 0.237 0.095
54.09 0.130 0.132 0.312 41.19 0.245 2.75 0.864 0.258 0.093
54.06 0.111 0.145 0.299 41.97 0.221 2.80 0.915 0.233 0.096
53.70 0.095 0.141 0.296 42.06 0.222 2.85 0.904 0.234 0.101
53.86 0.133 0.133 0.315 41.50 0.241 2.75 0.879 0.273 0.100
53.59 0.103 0.144 0.276 41.85 0.196 3.02 0.908 0.334 0.101
53.71 0.135 0.140 0.304 41.72 0.224 2.82 0.908 0.258 0.087
53.56 0.114 0.159 0.244 41.29 0.166 3.12 0.946 0.255 0.083
54.38 0.086 0.149 0.295 41.38 0.219 3.01 0.807 0.235 0.108
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Table V-s Apatite phenocrysts from Ingham Mills, NY @ 5.4 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
54.08 0.149 0.172 0.319 41.63 0.223 2.38 0.851 0.261 0.090
53.95 0.160 0.172 0.332 41.89 0.234 2.37 0.846 0.242 0.092
53.80 0.065 0.171 0.313 41.92 0.216 2.31 0.824 0.228 0.091
53.96 0.053 0.167 0.315 42.01 0.220 2.34 0.820 0.230 0.090
53.82 0.082 0.165 0.318 41.57 0.228 2.35 0.825 0.288 0.093
54.15 0.115 0.167 0.322 42.13 0.230 2.35 0.830 0.287 0.091
53.67 0.074 0.168 0.312 41.17 0.224 2.37 0.824 0.238 0.094
53.99 0.065 0.170 0.311 40.94 0.222 2.40 0.831 0.244 0.090
54.08 0.078 0.169 0.311 41.29 0.221 2.49 0.831 0.255 0.096
54.25 0.068 0.168 0.324 41.37 0.225 2.39 0.815 0.230 0.101
54.21 0.098 0.172 0.312 41.24 0.219 2.44 0.832 0.234 0.097
54.25 0.054 0.169 0.309 41.49 0.214 2.22 0.830 0.245 0.099
54.21 0.100   42.27 0.300 2.46 0.827 0.252 0.091
54.42 0.037   41.49 0.258 2.37 0.320 0.144 0.080
53.98 0.077 0.166 0.306 40.89 0.215 2.32 0.832 0.207 0.093
53.11 0.157 0.172 0.328 40.80 0.225 2.45 0.842 0.264 0.096
53.05 0.164 0.172 0.335 40.43 0.235 2.45 0.839 0.221 0.096
53.11 0.080 0.170 0.322 40.82 0.224 2.51 0.829 0.246 0.086
53.07 0.055 0.170 0.317 40.68 0.229 2.37 0.811 0.216 0.090
53.30 0.079 0.167 0.313 41.42 0.228 2.34 0.825 0.153 0.090
52.96 0.133 0.170 0.326 40.54 0.235 2.54 0.813 0.213 0.089
53.06 0.076 0.167 0.313 40.79 0.222 2.41 0.825 0.222 0.097
53.25 0.072 0.170 0.315 40.88 0.224 2.46 0.830 0.208 0.083
53.14 0.069 0.170 0.323 40.29 0.228 2.54 0.811 0.219 0.091
53.29 0.078 0.169 0.308 40.12 0.225 2.46 0.823 0.229 0.095
53.13 0.089 0.166 0.310 41.33 0.232 2.39 0.821 0.190 0.094
52.99 0.050 0.169 0.310 41.20 0.221 2.47 0.822 0.223 0.094
53.30 0.100   40.73 0.304 2.40 0.831 0.245 0.089
53.17 0.078 0.169 0.308 41.36 0.214 2.32 0.833 0.197 0.093
53.39 0.177 0.130 0.310 41.47 0.236 2.92 0.850 0.296 0.120
53.92 0.059 0.165 0.311 41.89 0.222 2.65 0.836 0.205 0.089
54.01 0.058 0.167 0.308 41.58 0.224 2.72 0.841 0.208 0.098
53.99 0.085 0.161 0.322 41.82 0.242 2.72 0.819 0.167 0.099
53.97 0.080 0.168 0.306 41.40 0.217 2.79 0.845 0.192 0.084
54.02 0.101 0.159 0.278 41.22 0.156 2.96 0.853 0.235 0.078
54.04 0.083 0.168 0.320 41.53 0.234 2.64 0.753 0.173 0.088
53.57 0.163 0.173 0.339 40.89 0.236 2.62 0.857 0.259 0.097
53.45 0.099 0.168 0.307 41.81 0.223 2.68 0.837 0.185 0.096
53.69 0.066 0.166 0.318 41.75 0.232 2.66 0.832 0.204 0.091
53.93 0.083 0.172 0.309 42.17 0.223 2.61 0.843 0.193 0.082
53.80 0.174 0.176 0.327 40.81 0.233 2.72 0.870 0.231 0.088
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APPENDIX VI 
ELECTRON MICROPROBE ANALYSES OF MELT INCLUSIONS FROM 
MILLBRIG AND OTHER NEAR MILLBRIG K-BENTONITES DISCUSSED IN 
CHAPTERS 5 AND 6 
(All data in weight percent, total iron expressed as FeO) 
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Table VI-a Melt inclusions in quartz phenocrysts from Reedsville, PA K-bentonite B-4 
(Reported Millbrig) 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.91 72.37 12.08 4.92 0.137 0.024 0.734 0.021 0.037 0.465
3.37 71.16 12.51 4.85 0.087 0.020 0.538 0.037 0.056 0.467
2.94 72.49 11.85 4.98 0.047 0.022 0.730 0.022 0.056 0.564
2.82 73.02 12.68 4.02 0.037 0.033 0.524 0.035 0.071 0.709
2.56 72.76 12.85 3.92 0.085 0.028 0.541 0.038 0.088 0.782
2.22 73.39 12.78 4.08 0.136 0.031 0.469 0.024 0.114 0.961
 74.27 12.75 4.99 0.238 0.016 0.553 0.024 0.152 1.247
2.61 72.72 12.75 3.99 0.084 0.046 0.719 0.031 0.075 0.752
 
 
Table VI-a Normalized to Al2O3 value of 11.5 wt%  
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.77 68.91 11.50 4.68 0.131 0.023 0.699 0.020 0.036 0.443
3.10 65.43 11.50 4.46 0.080 0.018 0.495 0.034 0.052 0.429
2.85 70.37 11.50 4.84 0.046 0.022 0.709 0.021 0.055 0.547
2.56 66.21 11.50 3.64 0.034 0.030 0.475 0.032 0.064 0.643
2.29 65.10 11.50 3.51 0.076 0.025 0.484 0.034 0.079 0.700
2.00 66.04 11.50 3.67 0.122 0.027 0.422 0.022 0.102 0.865
 66.97 11.50 4.50 0.214 0.015 0.499 0.021 0.137 1.125
2.35 65.58 11.50 3.60 0.076 0.042 0.649 0.028 0.067 0.678
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Table VI-b Melt inclusions in quartz phenocrysts from Union Furnace, PA @ 23.2 m 
(Reported Millbrig) 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.99 72.82 12.22 5.04 0.040 0.035 0.721 0.029 0.069 0.751
2.82 71.88 12.18 5.13 0.158 0.036 0.758 0.039 0.072 0.760
3.45 70.37 12.07 5.00 0.081 0.132 1.401 0.041 0.143 0.766
2.95 72.98 11.88 5.13 0.015 0.032 0.811 0.037 0.068 0.584
3.07 72.55 12.31 5.08 0.054 0.025 0.722 0.027 0.065 0.677
 
 
Table VI-b Normalized to Al2O3 value of 11.5 wt%  
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.81 68.54 11.50 4.74 0.037 0.033 0.678 0.027 0.065 0.707
2.66 67.84 11.50 4.84 0.149 0.034 0.715 0.037 0.068 0.718
3.29 67.04 11.50 4.76 0.077 0.125 1.334 0.039 0.137 0.729
2.85 70.64 11.50 4.97 0.015 0.031 0.785 0.035 0.066 0.565
2.87 67.77 11.50 4.75 0.050 0.023 0.675 0.025 0.061 0.632
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Table VI-c Melt inclusions in quartz phenocrysts from Daleville, VA (Reported 
Millbrig) 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.78 73.13 13.00 4.79 0.070 0.031 0.693 0.051 0.077 0.775
2.23 79.53 9.86 3.76 0.076 0.024 0.499 0.029 0.059 0.588
3.23 72.17 11.96 4.91 0.028 0.060 0.669 0.039 0.043 0.641
3.02 72.88 11.53 4.84 0.022 0.058 0.610 0.051 0.035 0.642
3.22 72.50 11.67 4.73 0.039 0.055 0.667 0.052 0.035 0.696
2.76 72.69 11.72 4.72 0.025 0.052 0.687 0.044 0.044 0.682
3.05 71.00 12.20 4.68 0.070 0.054 1.022 0.037 0.083 0.949
3.15 71.44 12.30 4.59 0.098 0.042 0.913 0.037 0.083 0.807
3.01 73.00 11.97 4.34 0.016 0.060 0.624 0.039 0.032 0.678
2.05 75.46 12.66 3.54 0.093 0.030 0.788 0.029 0.070 0.728
2.01 74.73 12.07 3.26 0.046 0.047 0.831 0.040 0.062 0.773
3.19 72.67 11.79 4.70 0.028 0.061 0.640 0.046 0.037 0.672
 
 
Table VI-c Normalized to Al2O3 value of 11.5 wt%  
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.46 64.68 11.50 4.24 0.062 0.027 0.613 0.045 0.068 0.686
2.60 92.78 11.50 4.39 0.089 0.028 0.582 0.034 0.069 0.686
3.11 69.42 11.50 4.72 0.027 0.058 0.644 0.037 0.041 0.617
3.01 72.72 11.50 4.83 0.022 0.058 0.609 0.050 0.035 0.641
3.17 71.44 11.50 4.67 0.039 0.054 0.657 0.051 0.034 0.686
2.71 71.30 11.50 4.63 0.025 0.051 0.674 0.043 0.043 0.669
2.88 66.91 11.50 4.41 0.066 0.050 0.963 0.035 0.079 0.894
2.94 66.77 11.50 4.29 0.092 0.039 0.854 0.035 0.077 0.754
2.90 70.13 11.50 4.17 0.016 0.058 0.600 0.037 0.031 0.652
1.86 68.56 11.50 3.21 0.084 0.027 0.716 0.027 0.063 0.662
1.91 71.22 11.50 3.11 0.044 0.045 0.792 0.038 0.059 0.737
3.11 70.87 11.50 4.58 0.028 0.060 0.625 0.045 0.036 0.655
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Table VI-d Melt inclusions in quartz phenocrysts from Tazewell, VA @ 11.6 m 
(Reported Millbrig) 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.07 71.12 11.56 4.77 0.039 0.050 0.741 0.039 0.045 0.709
3.00 70.50 11.59 4.79 0.045 0.050 0.747 0.040 0.045 0.732
3.04 70.73 11.67 4.83 0.046 0.051 0.771 0.040 0.043 0.695
2.84 70.76 11.60 4.54 0.070 0.052 0.998 0.034 0.079 0.940
2.90 71.51 11.53 4.78 0.022 0.053 0.739 0.038 0.047 0.730
2.86 71.78 11.92 4.91 0.167 0.043 0.696 0.032 0.077 0.745
2.82 70.96 11.85 4.62 0.079 0.049 1.031 0.036 0.083 0.944
2.88 71.43 11.66 4.65 0.039 0.065 0.712 0.046 0.037 0.713
2.88 71.22 11.37 4.77 0.042 0.058 0.698 0.045 0.038 0.662
3.07 70.97 11.57 4.66 0.034 0.054 0.709 0.045 0.038 0.675
2.81 71.01 11.71 4.65 0.056 0.058 0.818 0.041 0.052 0.767
2.83 70.96 11.77 4.59 0.039 0.047 0.820 0.037 0.056 0.745
 
 
Table VI-d Normalized to Al2O3 value of 11.5 wt%  
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.05 70.74 11.50 4.74 0.039 0.050 0.737 0.039 0.044 0.705
2.98 69.97 11.50 4.75 0.045 0.049 0.741 0.040 0.044 0.727
2.99 69.73 11.50 4.77 0.045 0.050 0.760 0.040 0.042 0.685
2.81 70.12 11.50 4.50 0.070 0.051 0.989 0.034 0.078 0.931
2.89 71.31 11.50 4.76 0.022 0.053 0.737 0.038 0.046 0.728
2.76 69.26 11.50 4.74 0.162 0.042 0.671 0.031 0.074 0.719
2.74 68.84 11.50 4.49 0.077 0.048 1.000 0.035 0.081 0.916
2.84 70.44 11.50 4.59 0.038 0.064 0.702 0.045 0.037 0.703
2.91 72.02 11.50 4.82 0.043 0.058 0.705 0.046 0.038 0.669
3.05 70.56 11.50 4.63 0.033 0.054 0.705 0.045 0.038 0.671
2.76 69.73 11.50 4.57 0.055 0.057 0.803 0.041 0.051 0.753
2.77 69.31 11.50 4.48 0.039 0.046 0.801 0.036 0.055 0.727
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Table VI-e Melt inclusions in quartz from Catawba, VA K-bentonite B-1 (Reported 
Millbrig) 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.72 72.60 11.52 5.17 0.091 0.061 0.727 0.036 0.074 0.708
3.11 73.03 11.58 4.73 0.026 0.054 0.808 0.023 0.033 0.870
3.65 72.77 11.69 4.57 0.017 0.050 0.493 0.019 0.009 0.313
3.14 72.12 12.62 5.50 0.206 0.065 0.469 0.057 0.106 0.910
2.42 73.30 11.74 4.97 0.203 0.084 0.970 0.021 0.119 0.915
3.63 69.87 13.00 4.49 0.036 0.053 0.583 0.021 0.071 0.457
 
 
Table VI-e Normalized to Al2O3 value of 11.5 wt%  
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.72 72.48 11.50 5.16 0.091 0.061 0.726 0.036 0.073 0.707
3.09 72.53 11.50 4.70 0.026 0.053 0.803 0.023 0.033 0.864
3.59 71.57 11.50 4.50 0.017 0.049 0.485 0.019 0.009 0.307
2.86 65.73 11.50 5.01 0.188 0.059 0.427 0.052 0.096 0.830
2.37 71.82 11.50 4.87 0.199 0.082 0.950 0.020 0.116 0.896
3.21 61.79 11.50 3.97 0.032 0.047 0.516 0.018 0.063 0.404
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***Table VI-f Melt inclusions in quartz phenocrysts from Shakertown, KY (Reported 
Millbrig) 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.98  11.23 4.70 0.043 0.054 0.642 0.044 0.035 0.662
2.76  11.61 4.44 0.086 0.051   0.087 0.934
2.94  11.35 4.67 0.031 0.053 0.696 0.044 0.037 0.673
3.11  11.36 4.73 0.047 0.051 0.726 0.044 0.047 0.672
3.11  11.26 4.57 0.056 0.050 0.837 0.034 0.060 0.771
2.85  11.40 4.90 0.038 0.052 0.754 0.040 0.046 0.718
2.86  10.78 3.83 0.062 0.047 0.906 0.030 0.074 0.803
3.09  11.64 4.39 0.077 0.052 1.014 0.033 0.073 0.927
3.07  11.63 4.73 0.102 0.048   0.060 0.699
2.91  11.69 4.66 0.053 0.051 0.869 0.042 0.053 0.751
3.01  11.39 4.64 0.084 0.051 0.987 0.040 0.082 0.911
3.05 71.98 11.60 4.93 0.028 0.051 0.660 0.054 0.040 0.719
3.19 70.64 12.08 4.16 0.075 0.051 1.099 0.036 0.087 1.012
2.88 71.41 11.77 4.50 0.079 0.053 1.030 0.040 0.075 0.949
3.16 71.80 11.75 4.82 0.041 0.054 0.664 0.049 0.041 0.718
3.00 71.79 11.69 4.87 0.044 0.062 0.670 0.047 0.037 0.689
3.06 71.31 11.87 4.66 0.088 0.060 0.772 0.042 0.057 0.782
3.11 72.14 11.75 4.75 0.033 0.055 0.706 0.045 0.040 0.715
3.09 70.99 11.98 4.54 0.098 0.053 0.999 0.043 0.068 0.915
3.08 70.86 12.00 4.53 0.088 0.052 0.968 0.049 0.073 0.941
3.23 71.69 11.79 4.55 0.024 0.084 0.723 0.050 0.028 0.678
2.97 71.19 12.10 4.65 0.108 0.048 0.927 0.049 0.068 0.867
3.21 70.16 11.96 3.78 0.081 0.048 0.938 0.047 0.062 0.829
    0.073 0.051 0.845 0.032 0.072 0.939
    0.079 0.050 0.865 0.029 0.090 0.908
    0.044 0.058 0.611 0.031 0.042 0.642
    0.067 0.045 0.974 0.040 0.073 0.849
    0.039 0.053 0.643 0.051 0.035 0.655
    0.159 0.027 0.549 0.024 0.120 1.053
    0.074 0.049 1.021 0.041 0.086 0.929
    0.068 0.048 0.876 0.036 0.070 0.835
    0.081 0.042 0.876 0.044 0.063 0.756
    0.061 0.051 0.766 0.042 0.068 0.803
    0.038 0.055 0.647 0.040 0.035 0.626
    0.051 0.051 0.777 0.047 0.043 0.637
    0.025 0.055 0.647 0.050 0.040 0.697
 
***Note: Electron Microprobe Analysis performed by John Delano and Soumava Adhya. 
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Table VI-f Normalized to Al2O3 value of 11.5 wt%  
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.05  11.50 4.81 0.044 0.055 0.657 0.045 0.036 0.678
2.73  11.50 4.40 0.085 0.051   0.086 0.925
2.98  11.50 4.73 0.031 0.054 0.705 0.045 0.037 0.682
3.15  11.50 4.79 0.048 0.052 0.735 0.045 0.048 0.680
3.18  11.50 4.67 0.057 0.051 0.855 0.035 0.061 0.787
2.88  11.50 4.94 0.038 0.052 0.760 0.040 0.046 0.724
3.05  11.50 4.09 0.066 0.050 0.967 0.032 0.079 0.857
3.05  11.50 4.34 0.076 0.051 1.002 0.033 0.072 0.916
3.04  11.50 4.68 0.101 0.047   0.059 0.691
2.86  11.50 4.59 0.052 0.050 0.855 0.041 0.052 0.739
3.03  11.50 4.68 0.085 0.051 0.996 0.040 0.083 0.919
3.02 71.36 11.50 4.89 0.028 0.051 0.654 0.054 0.040 0.713
3.04 67.25 11.50 3.96 0.071 0.049 1.046 0.034 0.083 0.963
2.81 69.77 11.50 4.40 0.077 0.052 1.006 0.039 0.073 0.927
3.09 70.27 11.50 4.72 0.040 0.053 0.650 0.048 0.040 0.703
2.95 70.62 11.50 4.79 0.043 0.061 0.659 0.046 0.036 0.678
2.96 69.09 11.50 4.51 0.085 0.058 0.748 0.041 0.055 0.758
3.04 70.61 11.50 4.65 0.032 0.054 0.691 0.044 0.039 0.700
2.97 68.15 11.50 4.36 0.094 0.051 0.959 0.041 0.065 0.878
2.95 67.91 11.50 4.34 0.084 0.050 0.928 0.047 0.070 0.902
3.15 69.93 11.50 4.44 0.024 0.087 0.705 0.049 0.027 0.661
2.82 67.66 11.50 4.42 0.103 0.046 0.881 0.047 0.065 0.824
3.09 67.46 11.50 3.63 0.078 0.046 0.902 0.045 0.060 0.797
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***Table VI-f Melt inclusions in quartz phenocrysts from Shakertown, KY (Reported 
Millbrig). Continued… 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.12 71.57 11.89 4.61 0.087 0.046 0.940 0.041 0.073 0.859
2.99 72.60 11.49 4.77 0.028 0.056 0.766 0.045 0.030 0.674
3.08 71.92 11.92 4.59 0.091 0.045 0.954 0.040 0.071 0.864
3.00 71.86 11.68 4.14 0.035 0.049 0.978 0.041 0.084 0.914
2.75 73.18 12.42 5.32 0.121 0.023 0.517 0.041 0.117 1.039
3.12 72.05 11.84 4.27 0.100 0.045 1.012 0.038 0.093 0.941
3.26 72.63 11.70 4.81 0.031 0.057 0.678 0.045 0.036 0.684
3.02 72.19 11.84 4.62 0.094 0.047 0.960 0.038 0.068 0.851
 
***Note: Electron Microprobe Analysis performed by John Delano and Soumava Adhya. 
 
 
Table VI-f Normalized to Al2O3 value of 11.5 wt%. Continued… 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.02 69.21 11.50 4.46 0.085 0.045 0.909 0.039 0.070 0.831
2.99 72.66 11.50 4.77 0.028 0.056 0.766 0.045 0.030 0.675
2.97 69.39 11.50 4.42 0.087 0.043 0.921 0.039 0.068 0.834
2.95 70.77 11.50 4.08 0.034 0.048 0.963 0.040 0.083 0.900
2.55 67.74 11.50 4.92 0.112 0.021 0.479 0.038 0.108 0.961
3.04 70.01 11.50 4.15 0.097 0.044 0.984 0.037 0.090 0.915
3.20 71.39 11.50 4.73 0.030 0.056 0.667 0.045 0.036 0.672
2.93 70.10 11.50 4.48 0.091 0.046 0.932 0.037 0.066 0.827
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Table VI-g Melt inclusions in quartz phenocrysts from Reedsville, PA K-bentonite B-5 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.66 72.40 11.25 4.73 0.092 0.054 0.784 0.033 0.054 0.742
2.57 74.03 10.72 4.62 0.084 0.053 0.679 0.020 0.044 0.644
2.76 72.49 11.18 4.71 0.103 0.056 0.742 0.024 0.037 0.701
2.45 74.01 10.77 4.48 0.085 0.050 0.733 0.032 0.055 0.702
3.65 72.53 11.44 4.79 0.059 0.047 0.708 0.025 0.033 0.517
2.67 73.86 10.63 4.58 0.070 0.051 0.649 0.017 0.037 0.522
2.72 72.59 11.46 5.00 0.058 0.052 0.720 0.018 0.063 0.829
2.44 73.61 10.87 4.76 0.054 0.047 0.627 0.029 0.056 0.745
2.74 73.33 11.52 4.85 0.098 0.056 0.844 0.025 0.086 0.902
2.68 73.20 11.42 4.85 0.121 0.046 0.733 0.027 0.044 0.715
 
 
Table VI-h Melt inclusions in quartz phenocrysts from Tazewell, VA @ 21.5 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.29 73.36 11.36 2.81 0.209 0.363 1.312 0.056 0.214 1.334
3.13 73.59 11.33 3.04 0.226 0.295 1.369 0.067 0.226 1.274
2.71 71.05 11.42 4.75 0.122 0.054 0.915 0.019 0.113 0.944
3.04 72.10 11.71 4.51 0.033 0.077 0.639 0.043 0.037 0.652
3.02 73.08 11.84 4.58 0.017 0.074 0.622 0.053 0.039 0.640
  11.43  0.124 0.039 1.023 0.006 0.112 0.744
2.41 72.42 11.35 4.65 0.089 0.045 0.910 0.018 0.113 0.936
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Table VI-i Melt inclusions in quartz phenocrysts from the Hounsfield K-bentonite, 
Dexter, NY 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.12 69.74 12.03 4.61 0.136 0.053 0.923 0.043 0.065 0.767
2.88 72.30 11.26 4.60 0.019 0.055 0.656 0.041 0.030 0.677
2.76 70.93 11.75 4.68 0.045 0.044 0.673 0.034 0.056 0.735
2.79 73.23 11.52 4.59 0.062 0.020 0.712 0.029 0.065 0.484
2.27 72.78 12.08 4.07 0.030 0.053 0.818 0.054 0.055 0.799
2.10 74.16 12.17 4.06 0.011 0.037 0.690 0.035 0.073 0.785
1.91 73.26 11.85 4.06 0.019 0.050 0.834 0.033 0.101 0.657
3.04 71.53 12.24 4.40 0.091 0.045 1.040 0.047 0.070 0.862
2.58  11.80 4.00 0.078 0.052 0.891 0.039 0.079 0.970
3.00 71.53 11.98 4.71 0.091 0.052 0.853 0.043 0.061 0.747
2.67 72.93 13.11 3.95 0.063 0.033 0.560 0.046 0.091 0.866
 
 
Table VI-i Normalized to Al2O3 value of 11.5 wt%  
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.99 66.69 11.50 4.40 0.130 0.051 0.883 0.041 0.062 0.734
2.94 73.87 11.50 4.70 0.019 0.056 0.670 0.042 0.031 0.692
2.70 69.42 11.50 4.58 0.044 0.043 0.659 0.033 0.055 0.720
2.79 73.13 11.50 4.59 0.062 0.020 0.711 0.029 0.064 0.483
2.16 69.27 11.50 3.87 0.028 0.051 0.779 0.052 0.052 0.760
1.98 70.06 11.50 3.83 0.011 0.035 0.652 0.033 0.069 0.741
1.86 71.12 11.50 3.95 0.018 0.049 0.810 0.032 0.098 0.638
2.86 67.23 11.50 4.14 0.086 0.042 0.977 0.044 0.066 0.811
2.51  11.50 3.90 0.076 0.051 0.868 0.038 0.077 0.945
2.88 68.65 11.50 4.52 0.087 0.049 0.818 0.041 0.058 0.717
2.34 63.98 11.50 3.46 0.055 0.029 0.491 0.040 0.080 0.760
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*Table VI-j Melt inclusions in quartz phenocrysts from Hagan, VA (Reported Deicke) 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
1.80 73.13 12.30 2.35 0.199 0.057 0.896 0.018 0.161 1.048
2.84 72.56 11.84 4.74 0.200 0.054 1.043 0.021 0.157 1.056
2.64 73.44 11.76 4.95 0.139 0.050 0.843 0.020 0.101 0.862
2.82 74.53 11.59 5.26 0.070 0.069 0.551 0.024 0.059 0.723
2.85 73.17 11.92 4.67 0.190 0.058 0.967 0.013 0.151 1.019
2.94 73.39 11.67 4.80 0.090 0.053 0.753 0.036 0.076 0.769
2.63 72.88 11.58 5.06 0.149 0.054 0.784 0.018 0.104 0.818
2.70 73.54 11.58 5.15 0.134 0.053 0.793 0.022 0.096 0.815
2.72 73.77 11.67 5.12 0.151 0.053 0.819 0.015 0.106 0.823
2.94 73.52 11.82 5.15 0.063 0.058 0.651 0.039 0.058 0.683
2.86 73.64 11.79 5.05 0.136 0.053 0.776 0.011 0.088 0.800
2.90 74.32 11.68 5.03 0.106 0.054 0.716 0.026 0.083 0.753
2.81 72.93 11.90 4.75 0.193 0.049 0.901 0.024 0.154 0.980
2.72 73.24 11.98 4.86 0.183 0.052 0.998 0.023 0.158 0.977
2.74 73.30 11.87 4.92 0.172 0.050 1.259 0.022 0.159 1.069
2.78 72.35 12.31 5.51 0.196 0.052 1.214 0.021 0.147 1.003
4.27 72.99 11.88 1.87 0.186 0.052 1.078 0.016 0.149 0.924
2.86 71.62 12.65 5.55 0.166 0.048 1.428 0.030 0.152 0.923
2.74 72.60 12.48 5.45 0.145 0.042 1.209 0.022 0.128 0.807
3.06 71.60 12.80 5.56 0.153 0.037 1.206 0.024 0.145 0.900
3.18 72.96 12.32 5.52 0.161 0.046 1.136 0.020 0.104 0.813
3.53 71.23 13.15 4.60 0.230 0.061 1.430 0.022 0.206 1.252
2.95 70.60 12.60 4.99 0.099 0.056 1.114 0.020 0.138 0.830
 
*Note: Electron Microprobe Analysis performed by Steffi Dannenmann. 
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Table VI-j Normalized to Al2O3 value of 11.5 wt%  
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
1.68 68.37 11.50 2.20 0.186 0.053 0.838 0.017 0.151 0.980
2.76 70.48 11.50 4.60 0.194 0.052 1.013 0.020 0.152 1.026
2.58 71.82 11.50 4.84 0.136 0.049 0.824 0.020 0.099 0.843
2.80 73.95 11.50 5.22 0.069 0.068 0.547 0.024 0.059 0.717
2.75 70.59 11.50 4.51 0.183 0.056 0.933 0.013 0.146 0.983
2.90 72.32 11.50 4.73 0.089 0.052 0.742 0.035 0.075 0.758
2.61 72.38 11.50 5.03 0.148 0.054 0.779 0.018 0.103 0.812
2.68 73.03 11.50 5.11 0.133 0.053 0.788 0.022 0.095 0.809
2.68 72.70 11.50 5.05 0.149 0.052 0.807 0.015 0.104 0.811
2.86 71.53 11.50 5.01 0.061 0.056 0.633 0.038 0.056 0.665
2.79 71.83 11.50 4.93 0.133 0.052 0.757 0.011 0.086 0.780
2.86 73.17 11.50 4.95 0.104 0.053 0.705 0.026 0.082 0.741
2.72 70.48 11.50 4.59 0.187 0.047 0.871 0.023 0.149 0.947
2.61 70.31 11.50 4.67 0.176 0.050 0.958 0.022 0.152 0.938
2.65 71.02 11.50 4.77 0.167 0.048 1.220 0.021 0.154 1.036
2.60 67.59 11.50 5.15 0.183 0.049 1.134 0.020 0.137 0.937
4.13 70.66 11.50 1.81 0.180 0.050 1.044 0.015 0.144 0.894
2.60 65.11 11.50 5.05 0.151 0.044 1.298 0.027 0.138 0.839
2.52 66.90 11.50 5.02 0.134 0.039 1.114 0.020 0.118 0.744
2.75 64.33 11.50 5.00 0.137 0.033 1.084 0.022 0.130 0.809
2.97 68.10 11.50 5.15 0.150 0.043 1.060 0.019 0.097 0.759
3.09 62.29 11.50 4.02 0.201 0.053 1.251 0.019 0.180 1.095
2.69 64.44 11.50 4.55 0.090 0.051 1.017 0.018 0.126 0.758
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Table VI-k Melt inclusions in quartz phenocrysts from Strasburg, VA K-bentonite B-4 
(Deicke) 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.63 73.26 11.61 4.80 0.183 0.058 0.940 0.022 0.160 0.950
1.74 77.99 10.19 4.94 0.154 0.032 0.444 0.023 0.164 1.393
2.70 73.46 11.58 5.12 0.117 0.047 0.742 0.021 0.096 0.672
2.51 74.57 11.03 4.99 0.106 0.053 0.589 0.021 0.061 0.546
2.74 73.64 11.70 4.91 0.140 0.059 0.747 0.026 0.122 0.861
2.75 74.08 11.46 4.81 0.144 0.055 0.771 0.025 0.125 0.849
2.68 74.58 11.42 4.61 0.170 0.054 0.954 0.013 0.151 0.945
2.91 73.85 11.66 4.65 0.175 0.060 1.056 0.021 0.159 1.023
2.74 72.58 11.85 4.97 0.161 0.065 1.022 0.021 0.137 0.937
2.79 73.20 11.87 4.79 0.168 0.058 0.889 0.024 0.152 0.969
 
 
Table VI-k Normalized to Al2O3 value of 11.5 wt%  
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.61 72.59 11.50 4.76 0.181 0.057 0.931 0.022 0.159 0.941
1.97 88.05 11.50 5.57 0.174 0.036 0.501 0.026 0.185 1.573
2.69 72.98 11.50 5.08 0.116 0.047 0.737 0.021 0.095 0.668
2.62 77.73 11.50 5.21 0.110 0.055 0.614 0.022 0.064 0.569
2.69 72.38 11.50 4.83 0.138 0.058 0.734 0.026 0.120 0.846
2.76 74.31 11.50 4.83 0.144 0.055 0.773 0.025 0.125 0.852
2.70 75.12 11.50 4.65 0.171 0.054 0.961 0.013 0.152 0.952
2.87 72.85 11.50 4.58 0.173 0.059 1.042 0.021 0.157 1.009
2.66 70.42 11.50 4.83 0.156 0.063 0.992 0.020 0.133 0.909
2.70 70.93 11.50 4.65 0.163 0.056 0.861 0.023 0.147 0.939
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Table VI-l Melt inclusions in quartz phenocrysts from Catawba, VA K-bentonite B-3 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
5.18 72.49 11.45 3.03 0.232 0.295 1.361 0.067 0.230 1.302
4.91 73.29 11.23 3.03 0.227 0.289 1.382 0.062 0.232 1.292
5.61 72.93 11.52 3.04 0.231 0.299 1.392 0.066 0.230 1.340
5.17 73.55 11.28 2.77 0.210 0.369 1.313 0.062 0.218 1.315
3.21 72.65 11.31 3.14 0.233 0.290 1.363 0.058 0.226 1.279
3.10 72.49 11.28 3.17 0.228 0.289 1.321 0.059 0.227 1.273
4.63 72.98 11.32 3.03 0.240 0.267 1.401 0.064 0.225 1.264
3.14 72.75 11.21 3.07 0.218 0.285 1.326 0.062 0.224 1.293
3.21 73.41 11.37 3.11 0.233 0.269 1.426 0.063 0.232 1.302
3.28 73.44 11.04 2.86 0.197 0.381 1.351 0.050 0.242 1.289
 
 
Table VI-l Normalized to Al2O3 value of 11.5 wt%  
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
5.20 72.82 11.50 3.04 0.233 0.296 1.367 0.067 0.231 1.308
5.03 75.08 11.50 3.10 0.233 0.296 1.416 0.064 0.238 1.324
5.60 72.81 11.50 3.03 0.231 0.298 1.390 0.066 0.230 1.338
5.27 75.00 11.50 2.82 0.214 0.376 1.339 0.063 0.222 1.341
3.27 73.90 11.50 3.19 0.237 0.295 1.386 0.059 0.230 1.301
3.16 73.93 11.50 3.23 0.233 0.295 1.347 0.060 0.232 1.298
4.70 74.14 11.50 3.08 0.244 0.271 1.423 0.065 0.229 1.284
3.22 74.63 11.50 3.15 0.224 0.292 1.360 0.064 0.230 1.326
3.25 74.26 11.50 3.15 0.236 0.272 1.443 0.064 0.235 1.317
3.41 76.51 11.50 2.98 0.205 0.397 1.408 0.052 0.252 1.343
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Table VI-m Melt inclusions in quartz phenocrysts from Tazewell, VA @ 35.25 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.48 73.26 11.91 4.72 0.057 0.119 0.610 0.037 0.043 0.836
3.53 73.18 11.83 4.58 0.051 0.130 0.573 0.034 0.030 0.791
3.47 73.44 11.69 4.47 0.030 0.025 0.422 0.013 0.008 0.283
3.28 73.21 11.86 4.69 0.059 0.135 0.633 0.034 0.047 0.845
3.17 74.28 11.47 4.65 0.035 0.109 0.509 0.031 0.033 0.657
3.44 73.20 11.65 4.67 0.020 0.114 0.499 0.043 0.029 0.692
3.15 73.41 11.29 4.54 0.051 0.127 0.559 0.040 0.033 0.779
3.10 73.95 11.53 4.80 0.095 0.146 0.656 0.044 0.076 0.882
3.11 73.76 11.37 4.59 0.049 0.110 0.622 0.041 0.039 0.803
 
 
**Table VI-n Melt inclusions in quartz phenocrysts from the Dead Horse K-Bentonite 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
4.25 70.20 12.03 2.23 0.092 0.057 1.515 0.054 0.056 1.747
4.27 71.15 11.56 2.63 0.068 0.059 0.845 0.032 0.037 1.159
3.84 71.57 11.62 3.85 0.027 0.057 0.575 0.028 0.021 0.802
3.76 71.12 11.88 3.92 0.023 0.056 0.644 0.032 0.025 0.873
3.98 71.16 11.92 4.11 0.031 0.049 0.544 0.033 0.016 0.752
3.14 72.85 11.72 5.09 0.064 0.061 0.643 0.031 0.068 0.677
2.68 73.05 11.48 5.05 0.161 0.057 0.849 0.027 0.097 0.800
3.67 71.03 11.92 3.98 0.035 0.058 0.594 0.041 0.020 0.822
3.68 71.31 12.89 4.34 0.031 0.158 0.282 0.089 0.028 1.088
4.04 71.69 11.84 3.28 0.058 0.061 0.829 0.033 0.026 1.045
4.06 71.43 11.74 2.03 0.107 0.056 1.723 0.053 0.069 1.996
3.96 70.62 12.03 3.99 0.041 0.058 0.672 0.042 0.027 0.672
 
**Note: Electron Microprobe Analysis performed by John Delano. 
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Table VI-o Melt inclusions in quartz phenocrysts from Davis Crossroads, GA                
@ 25.25 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.19 72.27 11.74 5.03 0.063 0.050 0.835 0.035 0.053 0.938
3.51 71.52 11.83 5.04 0.066 0.050 0.839 0.031 0.053 0.924
2.70 71.63 11.65 4.94 0.086 0.050 0.788 0.034 0.046 0.890
2.60 71.98 11.74 5.06 0.070 0.053 0.841 0.028 0.054 0.962
2.58 71.14 12.04 5.00 0.054 0.048 0.819 0.026 0.051 0.932
2.81 71.73 11.72 4.89 0.072 0.048 0.829 0.040 0.048 0.891
4.20 72.13 11.79 5.05 0.068 0.055 0.832 0.035 0.047 0.909
5.22 72.02 11.87 5.01 0.075 0.054 0.798 0.030 0.051 0.921
2.99 72.36 11.60 4.98 0.071 0.055 0.794 0.029 0.051 0.884
2.64 71.71 11.69 5.09 0.058 0.055 0.772 0.032 0.047 0.902
2.67 71.94 11.62 5.09 0.055 0.052 0.781 0.038 0.049 0.904
2.48 72.72 11.62 5.10 0.063 0.052 0.695 0.025 0.046 0.858
2.81 72.01 11.65 5.08 0.060 0.058 0.779 0.029 0.048 0.889
 
 
*Table VI-p Melt inclusions in quartz phenocrysts from Old Town Quarry, Watertown, 
Black River Valley, NY 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.13 72.30 12.05 4.07  0.099 0.513 0.040 0.055 0.695
3.75 72.07 11.99 4.21 0.003 0.056 0.560 0.039 0.018 0.781
4.31 73.41 11.88 3.05  0.056 0.500 0.037 0.016 0.765
2.23 74.88 11.95 4.96 0.185 0.089 0.881 0.016 0.121 0.985
3.58 72.71 11.90 2.40 0.067 0.067 1.331 0.044 0.095 1.552
4.09 74.07 11.78 3.07 0.005 0.026 0.537 0.029 0.017 0.504
2.14 80.62 8.24 1.30 0.139 0.049 1.371 0.033 0.137 1.558
4.14 76.11 10.49 3.16 0.005 0.044 0.462 0.038 0.012 0.619
4.31 73.20 11.72 3.15 0.012 0.053 0.499 0.052 0.020 0.788
3.55 74.55 11.07 3.91 0.015 0.053 0.500 0.027 0.019 0.712
 
*Note: Samples provided by Chuck Mitchell, University at Buffalo. Stratigraphic section 
provided in Conkin (1991). This K-bentonite is the thick K-bentonite indicated as Deicke 
K-bentonite by Conkin (1991). 
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Table VI-q Melt inclusions in quartz phenocrysts from the Sherman Falls Ash, K-
bentonite B-1 at the Trenton Falls section, Mohawk Valley, NY 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.78 71.30 11.58 4.18 0.137 0.116 1.101 0.037 0.134 0.975
2.73 71.73 11.50 4.29 0.136 0.119 1.095 0.037 0.134 0.992
2.70 71.57 11.32 4.13 0.126 0.117 1.057 0.035 0.111 0.924
2.59 72.60 11.16 4.20 0.117 0.114 1.059 0.038 0.110 0.888
2.68 74.35 10.50 3.89 0.122 0.108 0.998 0.030 0.107 0.840
 
*Table VI-r Melt inclusions in quartz phenocrysts from the “Titus Ash” K-bentonite, 
Mill Creek, Lowville, NY 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.82 71.96 11.36 4.72 0.094 0.121 0.674 0.040 0.061 0.549
2.88 71.96 11.55 4.65 0.103 0.126 0.791 0.041 0.082 0.602
2.74 71.97 11.64 4.78 0.090 0.100 0.737 0.049 0.067 0.619
2.85 71.24 11.76 4.79 0.105 0.128 0.677 0.040 0.073 0.572
2.80 71.37 11.53 4.97 0.103 0.112 0.768 0.048 0.074 0.571
3.04 70.71 11.70 4.31 0.104 0.132 0.961 0.046 0.099 0.600
2.83 72.61 11.30 5.06 0.095 0.119 0.651 0.048 0.057 0.532
2.77 71.56 11.54 4.90 0.092 0.119 0.723 0.042 0.062 0.530
2.93 72.14 11.58 4.67 0.110 0.112 0.726 0.054 0.067 0.564
2.47 73.45 10.71 4.35 0.107 0.121 0.816 0.042 0.099 0.618
 
*Table VI-s Melt inclusions in quartz phenocrysts from the “Lowville Ash” K-bentonite, 
Mill Creek, near Lowville, NY (New Data) 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.61 71.19 11.90 4.32 0.129 0.114 1.077 0.047 0.129 1.011
2.39 71.78 11.51 4.25 0.143 0.111 1.087 0.042 0.130 0.927
2.56 71.51 11.55 4.21 0.139 0.112 1.066 0.042 0.129 0.991
2.67 71.06 11.85 4.22 0.145 0.121 1.094 0.035 0.141 0.982
 
*Note: Samples provided by Chuck Mitchell, University at Buffalo. Titus Ash, and 
Lowville Ash are two unknown Ordovician K-bentonites from Mill Creek, near Lowville, 
NY. The exposure is located just downstream of the Route 12 bridge over Mill Creek.  
 Titus Ash is within the upper part of the Kings Falls Formation, 1.8 m below the 
contact with the overlying Sugar River Formation.  
 Lowville Ash lies at 49.5 m in the section (0 m is the level of the Titus K-bentonite), 
42.5 m above the base of the Denley Formation and very close to the base of the Rust 
Formation as traditionally recognized in this section. 
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APPENDIX VII 
K-BENTONITE SAMPLES EXAMINED IN THIS STUDY LISTED BY 
LOCALITY AND PRESENCE OF APATITE OR MELT INCLUSION BEARING 
QUARTZ PHENOCRYSTS 
Index 
ns = not studied 
X = present, [Note: a BLANK cell means NOT present or NOT found.] 
 
Locality Sample Apatite Glass 
Canajoharie Creek, NY 73.9 m (B-23) X ns 
 67 m (B-17) X X 
 65.5 m (B-16) X X 
 63.5 m (B-14) X X 
 61.9 or 61.85 m 
(B-13)
X X 
 24 m (B-2) X X 
   
Chuctanunda Creek, NY 36 m ns X 
   
City Brook, NY (Lower) X  
City Brook, NY 5.6 m X  
 2 m X   
   
County Home South, NY X X 
   
Dexter, NY  
[Note: Sample collected by 
Schirnick (1991)] 
Hounsfield X X 
   
Flat Creek, NY 6 m X X 
 4.2 m X ns 
   
Ingham Mills, NY (S-2) 19.7 m X  
 6.9 m X X 
 6.3 m X  
 5.4 m X  
(S-1) -3.9 m X  
 -4.5 m X  
 -5.2 m X  
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Locality Sample Apatite Glass 
Mill Creek, NY 49.5 m 
("Lowville")
X X 
 "Titus Ash" X X 
  
Myer's Road, NY MC-2 X X 
   
Nowadaga Creek, NY B-0 X X 
   
Otsquago, NY Spring Street X X 
   
Rathbun Brook, NY X ns 
   
Sherman Falls, NY B-1 X X 
   
Smalls Bush Road, NY 29.5 m X X 
    
Steuben, NY B-2 X X 
  
Watertown, NY Quarry X X 
    
Antes Creek, PA 34.2 m X X 
 (Antes Gap) 15.7 m    
 13 m X  
 12.35 m  X 
 8.2 ("B-R"?) m X  
 1.4 m X  
   
Oak Hall, PA Kb2  X 
 Kb1   
 Kb0  X 
 Kb -1 X  
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Locality Sample Apatite Glass 
Reedsville, Antes, PA 78.X m   
 72.3  X 
 9.3   
Kb A 16 X X 
 Kb A 15  X 
 Kb A 14   
 Kb A 13  X 
   
Reedsville, PA Kb12   
 Kb11 X  
 Kb10 ("B-R" ?) X X 
 Kb8 X  
 Kb5 X X 
 Kb4 X X 
 Kb2 X X 
 Kb1 X  
 Kb0 X X 
   
Union Furnace, PA B-11 (102 m) X   
 B-10 (97.9 m)   
 B-9 (94.2 m) X  
 B-8 (66.65 m)  X 
 B-7 (58.14 m) X  
 B-6 (23.2 m) X X 
 10.6 m   
 9 m X  
 3.81 m   
 2.73 m X  
 0 m   
 -2.6 m X X 
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Locality Sample Apatite Glass 
Hagan, VA Deicke X X 
   
Hagan (Millbrig), VA 1 (top 15.2 cm) X X 
2 ns ns 
3 ns ns 
4 ns ns 
5 ns ns 
6 (bottom 15.2 cm) X X 
    
Strasburg, VA Kb7 X X 
 Kb6   
 Kb5 X  
 Kb4 X X 
 Kb3 X  
 Kb2   
 Kb1   
(Newer Samples) Kb77.2 m   
 Kb76.2 m X  
 Kb72 m X  
 Kb64.8 m X  
 Kb62.7 m   
 Kb59.9 m X  
 Kb49.9 m X  
 Kb13.7 m X  
   
Tazewell, VA 42 m   
 35.25 m X X 
 32 m X  
 26 m X  
 25.7 m X  
 22.1 m   
 21.5 m X X 
 11.6 m X X 
 5.4 m X  
 0 m X X 
   
Station 2 24.2 m X  
 20.7 m X  
 18.5 m X  
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Locality Sample Apatite Glass 
Catawba, VA B-3  X 
 B-2a X  
 B-1 X X 
   
Daleville, VA Millbrig X X 
   
St. Louis, MO 
[Note: Sample provided by 
Kolata] 
Millbrig X ns 
   
Bear Creek, KY Bear Creek   
   
Oregon Road, KY 1.8 m  X 
0.35 m X  
 -1.21 m X X 
  
Quisenberry Rd, KY Quisenberry Rd X X 
  
Shakertown, KY Millbrig X X 
   
Sleepy Hollow, KY Sleepy Hollow 
Rt.676
X X 
  
Shryocks Ferry, KY Shryocks Ferry 
(2.8 m)
 X 
   
Davis Crossroads, GA 25.25 m X X 
 15.25 m X  
12.55 m X X 
5.8 m X X 
2 m X X 
 
[Note: Geochemical data of melt inclusions from all major Mohawk Valley K-bentonites 
(Appendix VIII) were used in this study for comparison with melt inclusion from K-
bentonites listed above.] 
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APPENDIX VIII 
KEY MOHAWK VALLEY, NY K-BENTONITES LISTED BY LOCALITY 
CHEMICALLY FINGERPRINTED BY DELANO AND CO-WORKERS PRIOR 
TO THIS STUDY BASED ON MELT INCLUSION CHEMISTRY 
 
Locality Sample 
Canajoharie Creek 84.7 m (B-26) 
 67 m (B-17) 
 65.5 m (B-16) 
 63.5 m (B-14) 
 61.9 or 61.85 m 
(B-13) 
 14.5 m (B-1-1) 
 12 m (B-1-2) 
  
Chuctanunda Creek 46.4 m 
 42 m 
  
Countryman Creek 27.3 m 
  
Deer River 63 ft above 
Trocolites Bed 
  
Dolgeville Dam 33.5 m 
 B9 
  
East Crum Creek S2 B3 (18.4 m) 
 S2 B2 (16.4 m) 
 S3 3B 
  
Flat Creek 70 m 
 49.5 m 
 47.4 m 
 31.2 m 
 -4 m 
  
Flat Creek, South Branch BXX+4 
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Locality Sample 
Mill Creek 49.5 m 
("Lowville") 
  
Myer's Road (North Creek) MC2 
 MD2 
 MD1 
  
  
Nowadaga Creek B0 
  
NYS Thruway B3 
 -5 ft MP 213.07 
  
Otsquago Creek 31 m 
 2.5 m 
 Spring Street 
  
Roaring Brook 31.7 m 
  
Sherman Falls B5 
 B1 
  
Smalls Bush Road (North 
Creek) 
18.1 m 
  
Trenton Falls B9 
 High Falls Ash 
  
West Crum Creek B0 
  
Yatesville Creek L. Schen 
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APPENDIX IX 
ELECTRON MICROPROBE ANALYSES OF MELT INCLUSIONS FROM UPPER 
MIDDLE ORDOVICIAN K-BENTONITES DISCUSSED IN CHAPTER 6 
(All data in weight percent, total iron expressed as FeO) 
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Table IX-a Melt inclusions in quartz phenocrysts from Antes Gap, PA, Antes Creek      
@ 34.2 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.18 73.00 11.43 4.09 0.149 0.182 0.698 0.065 0.107 1.034
3.07 72.98 11.68 4.20 0.144 0.179 0.656 0.061 0.101 0.995
3.13 72.99 11.94 4.22 0.149 0.183 0.671 0.059 0.095 0.992
3.23 73.16 11.67 4.18 0.148 0.171 0.703 0.066 0.095 1.116
3.36 72.71 11.39 4.11 0.151 0.161 0.702 0.062 0.094 1.107
3.04 73.72 11.50 4.16 0.147 0.173 0.739 0.064 0.098 1.104
3.42 74.04 11.41 4.18 0.148 0.174 0.690 0.068 0.090 1.080
3.01 74.17 11.43 4.21 0.108 0.188 0.597 0.056 0.091 0.989
2.99 74.41 11.37 4.27 0.125 0.190 0.606 0.059 0.086 1.009
2.91 74.01 11.78 4.21 0.137 0.185 0.636 0.069 0.090 1.006
3.36 73.60 11.76 4.27 0.120 0.188 0.645 0.067 0.088 1.019
3.34 74.24 11.66 4.27 0.137 0.198 0.614 0.065 0.090 0.890
3.30 74.49 11.50 4.28 0.125 0.198 0.540 0.064 0.087 0.849
3.05 73.47 11.91 4.25 0.146 0.198 0.675 0.065 0.092 1.037
3.03 73.73 11.70 4.16 0.149 0.185 0.662 0.068 0.089 1.041
2.99 74.06 11.73 4.14 0.159 0.195 0.667 0.061 0.098 1.046
3.28 73.97 11.34 4.15 0.145 0.200 0.542 0.063 0.085 0.858
3.19 74.23 11.61 4.22 0.137 0.208 0.547 0.066 0.088 0.903
3.06 73.73 11.65 4.08 0.156 0.192 0.695 0.059 0.095 1.076
 
 
Table IX-b Melt inclusions in quartz phenocrysts from Antes Gap, PA, Antes Creek     
@ 12.35 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.49 74.68 11.30 4.69 0.134 0.098 0.769 0.039 0.109 0.685
2.30 74.33 11.31 4.62 0.163 0.098 0.870 0.050 0.123 0.741
2.54 74.28 11.47 4.64 0.157 0.096 0.809 0.036 0.125 0.724
2.73 72.85 11.39 4.74 0.186 0.104 0.769 0.036 0.133 0.802
2.54 74.21 11.34 4.79 0.158 0.098 0.714 0.026 0.113 0.734
2.55 72.76 11.52 4.66 0.178 0.044 0.917 0.040 0.049 0.398
2.47 74.01 11.42 4.74 0.165 0.096 0.800 0.036 0.118 0.761
2.63 74.65 11.13 4.86 0.162 0.128 0.570 0.044 0.095 0.683
2.78 71.58 11.64 4.60 0.115 0.091 1.014 0.059 0.117 0.749
2.83 72.75 11.45 4.16 0.112 0.108 1.055 0.060 0.097 0.628
2.42 74.29 11.55 4.64 0.176 0.104 0.912 0.038 0.134 0.797
2.62 74.70 11.34 4.76 0.144 0.112 0.731 0.038 0.114 0.741
2.73 74.31 11.65 4.71 0.141 0.104 0.615 0.028 0.095 0.693
2.85 74.18 11.47 4.38 0.142 0.091 0.756 0.038 0.124 0.645
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Table IX-c Melt inclusions in apatite phenocrysts from Antes Gap, PA, Antes Creek     
@ 1.4 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.38 57.43 9.24 3.74 0.010 0.076 5.548 0.032 0.119 0.918
 
 
Table IX-d Melt inclusions in quartz phenocrysts from Reedsville, PA Antes Shale       
@ 72.3 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.78 73.36 11.91 4.35 0.195 0.093 1.181 0.048 0.197 1.027
2.73 72.86 12.08 4.49 0.189 0.100 1.050 0.040 0.198 0.965
2.69 72.86 11.91 4.38 0.195 0.093 1.145 0.041 0.193 1.020
2.81 72.92 11.98 4.45 0.226 0.094 1.183 0.038 0.200 1.052
2.85 72.94 11.93 4.40 0.192 0.094 1.121 0.039 0.192 1.018
2.80 72.76 11.77 4.42 0.187 0.097 1.128 0.051 0.192 1.032
2.78 73.24 11.98 4.41 0.204 0.097 1.123 0.047 0.196 1.023
2.83 72.92 11.91 4.43 0.193 0.096 1.121 0.039 0.188 1.018
2.87 73.30 11.75 4.41 0.202 0.090 1.102 0.038 0.185 0.996
2.84 72.92 11.78 4.33 0.182 0.092 1.232 0.039 0.233 1.040
2.71 73.51 11.70 4.24 0.167 0.093 1.047 0.038 0.226 1.015
2.73 73.04 11.67 4.33 0.177 0.093 1.074 0.034 0.195 0.973
2.69 74.82 11.63 4.34 0.204 0.083 1.149 0.046 0.198 1.035
2.69 74.52 11.86 4.32 0.202 0.087 1.125 0.037 0.194 1.045
2.64 74.68 11.89 4.39 0.152 0.089 1.096 0.042 0.161 0.960
2.51 76.46 11.04 4.05 0.143 0.083 1.025 0.041 0.171 0.901
2.67 74.97 11.85 4.34 0.192 0.089 1.123 0.042 0.189 1.067
2.64 74.54 11.72 4.38 0.213 0.090 1.158 0.042 0.200 1.059
2.58 75.12 11.66 4.28 0.178 0.084 0.993 0.048 0.190 0.950
2.68 74.99 11.75 4.32 0.176 0.091 1.016 0.027 0.185 0.946
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Table IX-e Melt inclusions in quartz phenocrysts from Reedsville, PA Antes Shale A-16 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.84 71.61 12.18 5.32 0.076 0.040 0.776 0.030 0.066 0.871
2.71 71.41 11.69 5.34 0.067 0.043 0.749 0.038 0.060 0.820
2.70 71.48 11.80 5.38 0.071 0.044 0.853 0.023 0.077 0.855
2.74 71.88 11.77 5.38 0.062 0.045 0.804 0.041 0.063 0.821
2.97 71.71 11.88 5.28 0.066 0.045 0.752 0.034 0.058 0.812
2.61 71.67 11.67 5.33 0.056 0.043 0.688 0.036 0.068 0.821
2.68 72.45 11.28 5.19 0.078 0.040 0.693 0.029 0.061 0.798
2.78 72.11 11.76 5.32 0.061 0.042 0.717 0.034 0.065 0.834
2.78 71.83 11.66 5.23 0.078 0.047 0.789 0.021 0.066 0.819
 
 
Table IX-f Melt inclusions in quartz phenocrysts from Reedsville, PA Antes Shale A-15 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.75 73.10 11.45 4.49 0.133 0.094 1.056 0.063 0.118 0.761
2.60 72.70 12.25 3.68 0.110 0.087 0.991 0.080 0.117 0.749
2.17 72.90 12.29 3.94 0.099 0.082 0.913 0.067 0.109 0.700
2.58 73.91 11.28 4.43 0.106 0.086 0.889 0.065 0.100 0.681
2.74 72.73 11.00 4.40 0.114 0.087 0.960 0.064 0.100 0.663
2.94 71.21 11.57 4.51 0.102 0.091 0.951 0.077 0.115 0.724
2.63 73.83 11.68 4.17 0.090 0.092 0.965 0.069 0.115 0.745
2.65 73.98 10.74 4.24 0.082 0.084 0.922 0.069 0.096 0.652
3.08 72.01 11.61 4.63 0.104 0.026 0.977 0.059 0.034 0.443
2.36 74.73 10.78 3.76 0.091 0.074 0.907 0.075 0.124 0.721
2.33 75.81 10.32 3.56 0.078 0.073 0.785 0.054 0.101 0.641
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Table IX-g Melt inclusions in quartz phenocrysts from Reedsville, PA Antes Shale A-13 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.54 72.27 11.62 2.89 0.244 0.139 1.323 0.085 0.244 1.219
3.07 73.04 11.39 2.90 0.218 0.118 1.638 0.047 0.241 1.313
3.18 71.80 11.52 4.20 0.075 0.097 0.966 0.047 0.046 1.186
3.05 71.76 11.53 4.14 0.070 0.100 0.972 0.053 0.044 1.202
3.65 72.74 11.66 3.07 0.200 0.151 1.118 0.083 0.183 0.979
3.45 73.96 11.20 2.96 0.191 0.143 0.962 0.071 0.168 0.888
5.00 75.93 13.38 3.12 0.052 0.052 0.414   0.008
2.76 71.23 11.94 5.41 0.171 0.033 0.482 0.041 0.073 1.633
4.47 71.74 11.81 2.11 0.072 0.053 1.057 0.075 0.031 0.893
3.56 73.60 11.40 2.99 0.225 0.141 1.228 0.087 0.207 1.065
2.82 68.15 15.78 6.48 0.034 0.131 0.917 0.094 0.031 1.015
3.19 68.84 16.94 6.48 0.054 0.130 1.035 0.084 0.046 0.865
2.82 69.98 16.51 6.75 0.038 0.123 0.830 0.091 0.037 0.982
3.17 69.33 16.73 6.69 0.054 0.131 1.039 0.090 0.045 1.106
3.05 73.07 14.22 5.38 0.107 0.133 0.901 0.056 0.057 1.341
 
 
Table IX-h Melt inclusions in quartz phenocrysts from Reedsville, PA K-bentonite B-10 
(Reported "B-R" of Thomson, 1963) 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.64 75.19 13.70 6.42 0.095 0.097 0.369 0.006 0.010 0.222
3.69 73.00 15.30 6.13 0.028 0.097 0.692 0.058 0.021 0.352
3.69 73.55 15.46 6.26 0.031 0.091 0.725 0.056 0.025 0.314
4.36 72.62 16.05 5.79 0.090 0.096 0.465 0.015 0.017 0.435
3.93 72.33 18.03 5.62 0.045 0.096 0.734 0.058 0.044 0.460
4.30 72.16 14.74 6.11 0.011 0.073 0.754 0.041 0.038 0.320
3.67 72.31 15.71 6.05 0.028 0.085 0.613 0.038 0.028 0.921
3.80 78.01 12.26 4.60 0.006 0.073 0.499 0.037 0.018 0.755
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Table IX-i Melt inclusions in quartz phenocrysts from Union Furnace, PA @ 66.65 m  
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.27 74.45 11.40 3.86 0.233 0.084 1.143 0.041 0.153 1.532
1.90 76.63 10.65 3.57 0.193 0.082 0.925 0.035 0.129 1.374
2.28 74.06 11.52 3.96 0.213 0.085 1.147 0.045 0.154 1.526
2.19 74.33 11.66 3.91 0.234 0.090 1.149 0.046 0.155 1.533
3.07 72.72 11.55 3.09 0.208 0.281 1.334 0.054 0.224 1.264
2.30 74.23 11.60 3.85 0.231 0.083 1.120 0.038 0.151 1.495
2.87 74.23 11.65 4.73 0.035 0.044 0.516 0.016 0.014 1.015
3.11 74.02 11.70 4.78 0.073 0.055 0.516 0.030 0.024 1.108
 
 
Table IX-j Melt inclusions in quartz phenocrysts from Tazewell, VA @ 35.25 m  
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.48 73.26 11.91 4.72 0.057 0.119 0.610 0.037 0.043 0.836
3.53 73.18 11.83 4.58 0.051 0.130 0.573 0.034 0.030 0.791
3.47 73.44 11.69 4.47 0.030 0.025 0.422 0.013 0.008 0.283
3.28 73.21 11.86 4.69 0.059 0.135 0.633 0.034 0.047 0.845
3.17 74.28 11.47 4.65 0.035 0.109 0.509 0.031 0.033 0.657
3.44 73.20 11.65 4.67 0.020 0.114 0.499 0.043 0.029 0.692
3.15 73.41 11.29 4.54 0.051 0.127 0.559 0.040 0.033 0.779
3.10 73.95 11.53 4.80 0.095 0.146 0.656 0.044 0.076 0.882
3.11 73.76 11.37 4.59 0.049 0.110 0.622 0.041 0.039 0.803
 
 
Table IX-k Melt inclusions in quartz phenocrysts from Strasburg, VA K-bentonite B-7 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
1.74 82.00 8.04 2.65 0.191 0.067 0.754 0.031 0.107 1.178
2.00 76.98 10.10 3.47 0.216 0.083 1.023 0.032 0.125 1.418
2.43 74.26 11.74 3.51 0.228 0.090 1.133 0.039 0.155 1.476
2.12 75.42 11.30 3.52 0.226 0.088 1.033 0.036 0.142 1.405
2.06 78.23 8.12 3.70 0.170 0.113 0.903 0.087 0.388 0.959
1.82 73.38 7.84 3.44 0.368 0.407 1.920 0.027 0.333 0.820
2.38 79.54 8.74 4.15 0.194 0.062 0.453 0.028 0.179 0.656
2.07 77.22 10.93 3.35 0.040 0.048 1.809 0.042 0.824 0.369
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Table IX-l Melt inclusions in quartz phenocrysts from Sleepy Hollow, KY 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.83 72.64 12.02 3.88 0.029 0.070 0.591 0.044 0.023 0.863
2.94 74.65 11.47 4.35 0.212 0.094 1.090 0.036 0.190 0.970
2.99 73.71 11.84 4.43 0.252 0.098 1.225 0.049 0.212 1.008
2.98 73.91 11.84 4.50 0.214 0.100 1.110 0.043 0.198 0.986
2.84 73.86 11.83 4.34 0.220 0.102 1.175 0.045 0.207 1.011
2.93 73.78 11.72 4.30 0.213 0.102 1.373 0.046 0.229 1.017
2.68 75.40 10.91 4.20 0.201 0.092 1.112 0.031 0.186 0.942
2.87 74.66 11.62 4.26 0.211 0.087 1.086 0.045 0.190 1.018
2.91 74.68 11.13 4.13 0.165 0.085 1.043 0.041 0.188 0.953
2.57 73.25 11.91 5.17 0.061 0.047 0.870 0.037 0.065 0.908
2.73 74.84 11.75 4.31 0.216 0.091 1.115 0.043 0.193 1.022
2.77 74.37 11.76 4.27 0.216 0.087 1.219 0.043 0.203 0.998
2.63 73.86 11.98 4.54 0.028 0.062 0.688 0.034 0.046 0.718
2.76 74.04 11.93 4.56 0.021 0.058 0.711 0.052 0.041 0.729
 
Table IX-m Melt inclusions in quartz phenocrysts from Quisenberry Road, KY 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.51 75.07 11.48 4.85 0.078 0.086 0.829 0.068 0.087 0.648
2.73 74.82 11.62 4.41 0.205 0.116 1.096 0.041 0.183 0.951
3.02 73.96 11.84 4.61 0.181 0.093 1.042 0.047 0.175 0.932
2.85 74.85 11.81 4.42 0.201 0.090 1.169 0.033 0.185 1.025
2.97 74.53 11.77 4.41 0.174 0.091 1.144 0.048 0.185 0.993
2.95 73.77 11.93 4.43 0.190 0.092 1.114 0.033 0.187 0.995
3.05 74.00 11.90 4.50 0.217 0.095 1.156 0.041 0.200 1.034
2.89 73.70 12.02 4.30 0.185 0.092 1.109 0.033 0.190 0.960
2.86 74.12 11.95 4.35 0.189 0.094 1.070 0.043 0.182 0.968
3.64 73.98 11.72 4.85 0.086 0.079 0.799 0.063 0.084 0.657
3.40 75.63 11.10 4.65 0.078 0.081 0.668 0.056 0.080 0.624
2.98 73.86 12.02 4.33 0.212 0.094 1.122 0.038 0.202 1.009
2.59 74.75 11.99 4.29 0.205 0.090 1.164 0.036 0.187 1.016
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Table IX-n Melt inclusions in quartz phenocrysts from Shryocks Ferry, KY 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.02 74.69 11.64 5.02 0.077 0.155 0.727 0.047 0.058 0.775
3.07 75.20 11.59 4.78 0.107 0.134 0.644 0.048 0.070 0.837
3.26 74.55 11.68 4.58 0.089 0.153 0.663 0.033 0.058 0.743
2.97 74.17 11.70 4.83 0.028 0.058 0.709 0.045 0.031 0.681
3.02 73.82 11.76 4.60 0.064 0.048 0.826 0.041 0.053 0.787
3.05 74.77 11.79 4.90 0.092 0.136 0.677 0.049 0.065 0.827
3.25 72.76 11.80 4.92 0.093 0.164 0.614 0.040 0.066 0.799
3.04 74.51 11.09 4.72 0.082 0.149 0.571 0.045 0.056 0.755
3.12 72.38 11.62 4.82 0.064 0.167 0.737 0.049 0.052 0.737
2.91 74.41 11.36 4.56 0.106 0.144 0.559 0.037 0.064 0.721
 
 
Table IX-o Melt inclusions in quartz phenocrysts from Steuben, NY K-bentonite B-2 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.32 71.89 11.27 3.76 0.085 0.133 0.917 0.063 0.096 0.821
3.31 71.88 11.71 4.42 0.158 0.175 0.629 0.064 0.095 0.996
2.74 71.72 11.62 4.77 0.117 0.260 0.790 0.059 0.118 0.840
3.36 70.42 11.82 4.04 0.091 0.146 0.899 0.060 0.076 0.652
2.93 73.51 11.42 4.44 0.176 0.211 0.680 0.040 0.108 0.676
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Table IX-p Melt inclusions in quartz phenocrysts from West Crum, NY @ 3.42 m the 
"Fat Man" K-bentonite 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.27 75.41 11.66 3.75 0.146 0.265 0.778 0.053 0.136 0.891
2.52 74.01 11.59 4.65 0.115 0.091 0.996 0.073 0.107 0.727
2.37 74.27 11.93 4.33 0.180 0.092 1.118 0.043 0.185 0.991
2.40 74.47 12.10 4.44 0.204 0.092 1.101 0.040 0.187 1.010
2.45 74.20 12.05 4.50 0.197 0.091 1.097 0.042 0.188 1.016
2.35 74.58 11.96 4.36 0.197 0.088 1.086 0.057 0.179 0.987
2.48 74.06 12.09 4.40 0.199 0.092 1.173 0.042 0.202 1.051
2.70 74.58 11.70 4.49 0.187 0.228 1.121 0.036 0.205 0.973
2.20 74.85 11.95 4.32 0.184 0.090 1.115 0.039 0.186 1.012
2.35 75.00 12.02 4.35 0.198 0.090 1.125 0.041 0.190 1.038
 
**Table IX-q Melt inclusions in quartz phenocrysts from West Crum, NY K-bentonite 
B-0 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.44  11.30  0.060 0.038 0.761 0.029 0.063 0.706
2.63  11.86  0.092 0.034 0.789 0.033 0.063 0.825
2.63  11.59  0.082 0.037 0.793 0.031 0.064 0.791
2.58  11.96  0.068 0.041 0.803 0.022 0.070 0.861
2.63  11.87  0.101 0.033 0.798 0.027 0.068 0.841
2.48  11.63  0.081 0.041 0.816 0.032 0.062 0.835
 
**Note: Electron Microprobe Analysis performed by John Delano. 
 
Table IX-r Melt inclusions in quartz phenocrysts from the Ingham Mills, NY @ 6.9 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.30 69.42 16.32 3.31 0.139 0.132 1.332 0.018 0.184 1.212
3.14 74.48 11.75 4.34 0.117 0.100 1.110 0.031 0.142 1.047
2.49 74.48 11.69 4.44 0.167 0.103 1.132 0.036 0.152 1.085
3.50 74.34 11.68 4.40 0.170 0.102 1.141 0.027 0.147 1.076
3.32 73.99 11.78 4.53 0.177 0.107 1.103 0.029 0.148 1.070
3.50 73.62 11.90 4.49 0.193 0.106 1.166 0.022 0.151 1.066
3.02 76.64 10.63 4.14 0.164 0.094 1.013 0.015 0.132 0.952
2.36 73.35 11.65 4.48 0.167 0.105 1.070 0.020 0.151 1.048
3.23 73.26 11.77 4.37 0.152 0.106 1.103 0.016 0.154 1.059
3.17 75.19 11.25 4.07 0.146 0.098 1.106 0.024 0.149 1.018
2.40 73.53 11.93 4.48 0.144 0.109 1.078 0.014 0.144 1.021
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Table IX-s Melt inclusions in quartz phenocrysts from Chuctanunda Creek, NY @ 36 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.08 73.02 11.78 4.97 0.144 0.064 0.832 0.053 0.066 0.911
3.34 73.70 11.59 4.86 0.035 0.073 0.521 0.061 0.043 0.774
3.24 73.48 11.69 4.97 0.080 0.083 0.604 0.045 0.050 0.714
2.77 74.32 11.33 5.05 0.031 0.074 0.578 0.053 0.044 0.824
2.89 74.44 11.59 5.24 0.088 0.080 0.602 0.045 0.059 0.762
2.99 74.49 11.30 5.12 0.031 0.078 0.554 0.062 0.046 0.805
2.77 74.66 11.21 5.07 0.048 0.080 0.560 0.066 0.046 0.831
 
 
*Table IX-t Melt inclusions in quartz phenocrysts from Chuctanunda Creek, NY @ 42 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.03 73.31 11.32 2.43 0.325 0.314 1.505 0.071 0.308 1.725
3.06 73.94 11.32 2.55 0.342 0.305 1.593 0.062 0.314 1.743
3.01 74.52 11.19 2.43 0.329 0.300 1.569 0.068 0.300 1.558
4.05 74.02 11.81 3.29 0.182 0.257 0.785 0.040 0.185 0.980
2.77 73.00 11.30 2.36 0.359 0.286 1.792 0.070 0.362 1.864
 
*Table IX-u Melt inclusions in quartz phenocrysts from Chuctanunda Creek, NY          
@ 46.4 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
\3.71 68.92 15.75 6.12 0.050 0.134 0.971 0.089 0.032 0.784
3.70 71.09 15.29 6.36 0.042 0.126 0.878 0.075 0.018 0.355
2.89 72.50 15.30 6.30 0.029 0.119 0.795 0.102 0.033 0.920
3.46 73.52 11.34 3.38 0.133 0.071 1.065 0.032 0.084 1.213
3.49 71.34 16.32 6.75 0.029 0.317 0.607 0.077 0.016 0.432
2.98 73.67 12.54 5.32 0.074 0.022 0.499 0.045 0.145 0.816
3.93 69.29 15.63 6.13 0.049 0.110 0.819 0.103 0.002 0.119
3.37 70.58 15.31 5.93 0.049 0.128 0.889 0.101 0.032 1.026
3.29 69.84 15.47 6.13 0.043 0.126 0.870 0.072 0.040 0.495
3.82 70.10 15.60 5.72 0.016 0.134 1.106 0.026 0.003 0.295
4.12 72.52 14.67 6.09 0.104 0.124 0.357 0.005 0.002 0.152
3.68 70.49 14.67 6.32 0.090 0.092 0.351 0.002  0.256
2.77 72.86 13.52 4.17 0.177 0.137 1.439 0.062 0.097 1.332
3.01 72.38 11.50 3.72 0.124 0.087 1.164 0.053 0.087 0.706
3.13 71.75 11.60 4.09 0.121 0.105 0.973 0.051 0.046 1.349
2.91 72.38 11.58 3.60 0.123 0.104 1.292 0.057 0.108 1.391
 
*Note: Electron Microprobe Analysis performed by Steffi Dannenman. 
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**Table IX-v Melt inclusions in quartz phenocrysts from Mill Creek Lowville, NY       
@ 49.5 m (Old Data) 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.49 72.56 11.64 4.23 0.123 0.114 1.129 0.041 0.134 1.019
2.43 72.48 11.84 4.15 0.137 0.137 1.118 0.049 0.132 0.999
2.53 73.19 11.51 4.28 0.117 0.116 1.068 0.050 0.124 0.937
2.72 72.52 11.50 4.31 0.122 0.108 1.069 0.030 0.127 0.965
2.66 72.96 11.66 4.29 0.121 0.117 1.100 0.037 0.132 0.967
2.50 72.66 11.64 4.25 0.122 0.116 1.096 0.046 0.130 1.017
2.53 72.78 11.80 4.33 0.129 0.117 1.107 0.038 0.131 0.992
2.63 72.70 11.81 4.35 0.122 0.118 1.083 0.043 0.128 1.026
2.90 71.82 11.53 4.08 0.092 0.110 1.125 0.060 0.065 1.285
2.60 72.20 11.44 4.31 0.121 0.112 1.051 0.030 0.131 0.976
2.62 71.97 11.42 4.11 0.111 0.116 1.040 0.041 0.120 0.924
2.63 71.98 11.75 4.33 0.132 0.118 1.093 0.046 0.133 1.038
 
 
**Table IX-w Melt inclusions in quartz phenocrysts from Trenton Falls, NY K-bentonite 
B-9 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.22  12.03 3.79 0.108 0.021 1.133 0.046 0.227 0.670
  11.80  0.162 0.078   0.128 0.897
2.10  11.80 4.98 0.247 0.069 0.985 0.036 0.187 1.160
3.06  12.72 5.23 0.136 0.002   0.075 0.278
3.43  12.36 4.48 0.112  0.665 0.033 0.177 0.816
 
 
**Table IX-x Melt inclusions in quartz phenocrysts from Yatesville Creek, NY 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.60 73.31 11.91 4.52 0.090 0.101 0.350 0.069 0.049 0.711
3.37 73.93 11.57 4.56 0.081 0.097 0.342 0.072 0.045 0.695
2.77 73.46 11.98 4.96 0.064 0.026 0.450 0.052 0.056 0.910
3.34 73.64 11.80 4.55 0.098 0.094 0.375 0.078 0.050 0.718
3.39 73.77 11.77 4.55 0.092 0.095 0.349 0.081 0.043 0.692
3.52 73.33 11.76 4.58 0.094 0.100 0.372 0.086 0.049 0.754
 
**Note: Electron Microprobe Analysis performed by John Delano. 
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**Table IX-y Melt inclusions in quartz phenocrysts from Deer River, NY @ 63 ft above 
Trocolites Bed 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.18 71.44 11.74 4.54 0.031 0.107 0.738 0.073 0.033 0.874
3.34 71.22 11.93 4.54 0.034 0.106 0.744 0.078 0.035 0.824
3.26 70.19 11.60 4.37 0.019 0.098 0.660 0.076 0.030 0.783
3.20 71.47 11.70 4.54 0.031 0.104 0.749 0.077 0.033 0.871
3.44 71.84 11.69 3.73 0.034 0.102 0.799 0.071 0.041 0.895
3.56 72.31 11.63 3.80 0.022 0.106 0.751 0.072 0.042 0.870
3.27 70.92 11.91 4.52 0.033 0.099 0.800 0.078 0.040 0.934
3.31 71.41 12.05 4.48 0.043 0.104 0.804 0.072 0.041 0.893
3.27 71.23 11.89 4.49 0.028 0.103 0.732 0.069 0.032 0.851
3.06 71.46 11.79 4.40 0.053 0.105 0.897 0.076 0.055 0.925
3.26 71.75 11.79 4.61 0.024 0.109 0.745 0.086 0.029 0.844
3.07 71.24 12.01 4.57 0.029 0.111 0.847 0.080 0.040 0.927
3.24 71.64 11.79 4.55 0.021 0.107 0.747 0.082 0.037 0.896
3.20 71.64 11.88 4.51 0.038 0.112 0.744 0.085 0.034 0.923
3.20 71.47 11.88 4.57 0.026 0.104 0.722 0.080 0.031 0.856
3.16 72.33 12.10 4.55 0.032 0.102 0.820 0.071 0.038 0.904
3.10 72.41 11.99 4.59 0.016 0.106 0.747 0.082 0.029 0.874
3.11 72.35 11.96 4.64 0.030 0.108 0.744 0.086 0.033 0.834
3.26 72.01 12.06 4.57 0.028 0.110 0.745 0.064 0.036 0.858
3.17 71.64 11.86 4.62 0.024 0.104 0.756 0.079 0.032 0.838
3.13 72.02 12.31 4.59 0.044 0.109 0.843 0.080 0.042 0.937
3.23 71.16 11.88 4.62 0.025 0.103 0.744 0.072 0.032 0.839
3.28 71.02 12.17 4.64 0.020 0.104 0.775 0.081 0.036 0.877
3.20 72.18 12.13 4.61 0.025 0.108 0.775 0.077 0.034 0.823
3.24 69.44 11.74 4.36 0.019 0.100 0.702 0.072 0.033 0.734
3.12 71.37 12.17 4.58 0.042 0.108 0.845 0.072 0.040 0.900
3.25 71.29 11.95 4.65 0.024 0.094 0.735 0.077 0.034 0.831
 
**Note: Electron Microprobe Analysis performed by John Delano. 
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**Table IX-z Melt inclusions in quartz phenocrysts from Roaring Brook, NY @ 31.7 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.58 72.43 11.67 4.20 0.133 0.116 1.088 0.040 0.131 0.954
2.77 71.37 11.80 4.20 0.128 0.116 1.089 0.051 0.135 0.966
2.67 70.25 11.30 3.97 0.124 0.114 1.041 0.039 0.131 0.874
2.59 72.76 11.71 4.34 0.126 0.114 1.070 0.039 0.134 1.012
2.73 69.02 11.35 3.96 0.090 0.114 0.977 0.039 0.122 0.828
2.57 72.77 11.91 4.33 0.115 0.117 1.102 0.045 0.131 1.038
2.69 72.16 11.62 4.31 0.122 0.117 1.027 0.032 0.126 0.952
2.72 72.62 11.86 4.34 0.113 0.118 1.089 0.038 0.133 0.996
2.61 72.71 11.59 4.33 0.125 0.116 1.072 0.047 0.134 0.977
2.66 72.26 11.17 4.34 0.125 0.116 1.028 0.033 0.128 0.954
2.71 72.59 11.45 4.32 0.120 0.116 1.027 0.035 0.126 0.914
2.63 72.53 11.93 4.37 0.119 0.120 1.113 0.044 0.135 1.037
 
 
**Table IX-aa Melt inclusions in quartz phenocrysts from Otsquago Creek, NY @ 31 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.37  11.59 4.67 0.190 0.102 0.829 0.043 0.132 0.779
2.58  11.47 4.65 0.203 0.100 0.845 0.035 0.138 0.793
2.33  11.20 4.66 0.203 0.096 0.802 0.034 0.131 0.791
2.63  11.15 4.71 0.172 0.104 0.659 0.027 0.105 0.619
2.61  11.33 4.28 0.156 0.105 0.849 0.044 0.136 0.739
2.76  11.18 4.11 0.101 0.090 1.000 0.064 0.110 0.675
2.41  11.36 4.48 0.152 0.096 0.841 0.045 0.128 0.738
2.75  11.40 4.67 0.152 0.158 0.515 0.051 0.094 0.588
2.82  11.19 4.13 0.083 0.090 0.970 0.068 0.102 0.641
2.57  11.28 4.75 0.189 0.121 0.662 0.037 0.108 0.671
2.77  11.09 4.34 0.141 0.095 0.732 0.041 0.114 0.633
2.84  11.24 4.20 0.110 0.087 1.003 0.054 0.112 0.671
 
**Note: Electron Microprobe Analysis performed by John Delano. 
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**Table IX-ab Melt inclusions in quartz phenocrysts from Otsquago Creek, NY the 
“Spring Street” K-bentonite 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.19  11.10 2.20 0.211 0.268 1.821 0.060 0.231 1.753
3.23  11.15 2.25 0.207 0.272 1.809 0.068 0.230 1.691
3.48  10.93 2.20 0.205 0.265 1.817 0.065 0.229 1.746
3.20  11.17 2.19 0.208 0.275 1.819 0.068 0.230 1.748
3.58  10.97 2.24 0.209 0.254 1.847 0.076 0.227 1.762
3.29  10.92 2.21 0.215 0.265 1.787 0.061 0.230 1.732
3.45  10.89 2.20 0.207 0.292 1.798 0.067 0.224 1.737
3.04 73.72 11.54 2.23 0.205 0.257 1.840 0.067 0.237 1.810
3.09 73.95 11.31 2.21 0.210 0.211 1.790 0.071 0.234 1.760
3.22 73.11 11.63 2.23 0.213 0.254 1.820 0.069 0.247 1.805
3.13 72.73 11.59 2.22 0.217 0.252 1.780 0.061 0.241 1.790
3.51 73.25 11.57 2.21 0.213 0.256 1.900 0.064 0.247 1.845
3.25 74.18 11.38 2.26 0.205 0.257 1.820 0.058 0.239 1.815
3.15 73.72 11.51 2.23 0.215 0.263 1.820 0.074 0.243 1.840
3.16 74.15 11.46 2.16 0.209 0.251 1.800 0.077 0.241 1.840
3.15 73.70 11.52 2.25 0.219 0.257 0.183 0.064 0.243 1.815
3.24 73.31 11.58 2.24 0.210 0.261 1.790 0.068 0.242 1.825
3.50 73.42 11.34 2.25 0.192 0.249 1.790 0.060 0.241 1.795
3.05 73.54 11.32 2.26 0.218 0.250 1.780 0.071 0.242 1.810
3.46 72.30 11.58 2.26 0.207 0.258 1.800 0.067 0.245 1.815
3.34 73.12 11.66 2.31 0.214 0.269 1.790 0.062 0.247 1.805
3.26 73.39 11.43 2.21 0.200 0.254 1.840 0.065 0.236 1.765
3.67 73.69 11.22 2.43 0.159 0.282 1.320 0.055 0.137 1.495
 
**Note: Electron Microprobe Analysis performed by John Delano. 
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**Table IX-ac Melt inclusions in quartz phenocrysts from Otsquago Creek, NY @ 2.5 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.78  11.77 4.71 0.089 0.086 1.040 0.068 0.102 0.724 
2.66  11.21 4.47 0.106 0.088 1.011 0.067 0.111 0.693 
2.76  11.56 4.64 0.104 0.095 1.057 0.063 0.107 0.737 
2.73  11.44 4.56 0.092 0.099 1.011 0.067 0.109 0.662 
2.82  11.61 4.74 0.127 0.100 1.148 0.064 0.118 0.754 
2.71  10.77 4.19 0.086 0.074 0.886 0.055 0.101 0.558 
2.72  10.11 3.62 0.068 0.074 0.780 0.048 0.097 0.563 
2.78  11.73 4.89 0.098 0.090 1.019 0.068 0.110 0.789 
2.80  12.03 4.76 0.097 0.094 1.115 0.065 0.120 0.894 
2.88  11.66 4.79 0.098 0.089 1.007 0.061 0.102 0.797 
2.65  10.68 3.98 0.089 0.088 0.907 0.063 0.108 0.655 
2.60  10.70 4.01 0.082 0.080 0.891 0.047 0.108 0.672 
 
 
**Table IX-ad Melt inclusions in quartz phenocrysts from Dolgeville Dam, NY            
@ 33.5 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.95  11.36 4.24 0.123 0.170 0.981 0.064 0.130 1.034
3.16  11.11 4.20 0.098 0.178 0.741 0.062 0.080 0.861
2.98  11.08 4.30 0.090 0.172 0.838 0.061 0.084 0.875
3.06  11.13 4.17 0.098 0.173 0.814 0.054 0.073 0.839
3.10  11.46 4.17 0.128 0.162 0.987 0.062 0.128 0.882
2.99  10.72 3.66 0.103 0.147 0.885 0.053 0.131 0.824
2.91  10.60 3.80 0.093 0.163 0.819 0.047 0.101 0.800
3.00  11.28 4.19 0.127 0.152 0.928 0.049 0.129 0.870
 
 
**Table IX-ae Melt inclusions in quartz phenocrysts from Dolgeville Dam, NY @ 9 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.50  11.79 5.08 0.136 0.032 0.479 0.045 0.045 1.427
2.49  11.63 5.01 0.123 0.031 0.472 0.039 0.050 1.416
2.56  11.35 5.07 0.097 0.037 0.398 0.037 0.036 1.500
2.52  11.64 4.96 0.110 0.034 0.339 0.042 0.040 1.168
2.63  11.52 5.03 0.086 0.032 0.406 0.042 0.027 1.131
2.57  11.69 4.99 0.113 0.033 0.417 0.030 0.036 1.216
 
**Note: Electron Microprobe Analysis performed by John Delano. 
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**Table IX-af Melt inclusions in quartz phenocrysts from Sherman Falls, NY K-
bentonite B-1 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.76  11.54 4.32 0.131 0.116 1.097 0.040 0.127 0.938
2.80  11.74 4.35 0.135 0.113 1.084 0.038 0.128 0.940
2.82  11.40 4.44 0.124 0.117 1.108 0.027 0.134 0.925
2.82  11.43 4.39 0.147 0.108 1.120 0.046 0.134 0.932
2.77  11.57 4.38 0.124 0.113 1.116 0.037 0.138 0.928
2.75  11.55 4.26 0.126 0.118 1.104 0.047 0.126 0.901
2.86  11.52 4.37 0.131 0.114 1.074 0.038 0.131 0.978
2.81  11.51 4.35 0.137 0.112 1.077 0.035 0.129 0.918
2.75  11.51 4.35 0.129 0.110 1.103 0.037 0.129 0.910
2.87  11.75 4.46 0.119 0.117 1.087 0.037 0.130 0.975
2.76  11.64 4.37 0.137 0.109 1.102 0.050 0.131 0.918
2.79  11.30 3.97 0.092 0.096 1.116 0.045 0.052 1.208
2.81  11.27 4.04 0.091 0.102   0.043 1.099
2.77  11.67 4.46 0.123 0.116 1.108 0.039 0.129 0.971
2.90  11.82 4.33 0.127 0.113 1.072 0.037 0.131 0.939
2.87  11.73 4.39 0.126 0.109 1.083 0.048 0.127 0.916
2.76 72.28 11.76 4.40 0.126 0.122 1.058 0.029 0.133 0.997
2.67 72.27 11.64 4.38 0.125 0.116 1.093 0.014 0.133 1.003
2.76 72.17 11.92 4.39 0.123 0.118 1.093 0.081 0.134 1.015
2.83 72.61 11.66 4.44 0.119 0.120 1.056 0.049 0.128 0.945
2.74 72.52 11.74 4.42 0.090 0.117 0.992 0.034 0.106 0.881
2.76 72.40 11.63 4.33 0.127 0.120 1.054 0.022 0.131 0.975
2.77 72.50 11.72 4.30 0.117 0.125 1.078 0.034 0.132 0.974
2.78 72.43 11.74 4.32 0.132 0.101 1.021 0.033 0.123 0.871
2.79 72.22 11.76 4.30 0.133 0.114 1.092 0.054 0.132 0.963
2.66 72.83 11.43 4.33 0.127 0.114 1.098 0.027 0.128 0.962
2.74 72.11 11.83 4.39 0.123 0.121 1.085 0.030 0.132 0.973
2.80 72.25 11.73 4.43 0.114 0.125 1.098 0.022 0.127 1.015
2.68 72.45 11.52 4.29 0.128 0.117 1.069 0.031 0.127 0.954
2.75 72.60 11.65 4.31 0.139 0.120 1.098 0.033 0.132 0.967
 
**Note: Electron Microprobe Analysis performed by John Delano. 
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**Table IX-ag Melt inclusions in quartz phenocrysts from Sherman Falls, NY K-
bentonite B-5 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.10  11.92 5.00 0.160 0.071 0.922 0.031 0.130 1.071
2.02  11.53 5.00 0.185 0.072 0.937 0.019 0.127 1.018
2.02  11.66 5.10 0.174 0.076 0.964 0.035 0.128 1.062
2.10  11.73 5.04 0.184 0.070 0.923 0.037 0.130 1.034
2.04  11.55 4.93 0.167 0.073 0.947 0.024 0.125 1.051
2.06  10.86 4.24 0.132 0.066 0.816 0.013 0.120 0.835
 
 
**Table IX-ah Melt inclusions in quartz phenocrysts from East Crum Creek, NY Station 
2 K-bentonite B-2 @ 16.4 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.89  11.49 4.37 0.123 0.117 1.063 0.033 0.126 0.951
2.74  11.25 4.17 0.115 0.112 1.054 0.035 0.126 0.948
2.87  11.57 4.36 0.111 0.112 1.076 0.050 0.117 0.997
2.92  11.24 4.27 0.115 0.108 1.047 0.033 0.125 0.913
2.76  11.61 4.40 0.123 0.120 1.078 0.046 0.123 1.018
2.80  11.37 4.35 0.118 0.113 1.095 0.039 0.129 0.969
2.78  11.39 4.34 0.116 0.119 1.054 0.050 0.117 0.996
2.74  11.39 4.32 0.126 0.112 1.055 0.039 0.128 0.908
2.87  11.53 4.43 0.114 0.118 1.058 0.040 0.119 0.936
2.78  11.35 4.34 0.119 0.110 1.055 0.031 0.126 0.956
2.76  11.55 4.28 0.134 0.116 1.121 0.034 0.131 1.038
2.90  11.53 4.33 0.070 0.101 1.095 0.067 0.097 0.939
 
**Note: Electron Microprobe Analysis performed by John Delano. 
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**Table IX-ai Melt inclusions in quartz phenocrysts from East Crum Creek, NY Station 
3 K-bentonite 3B 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.88  11.70 4.38 0.127 0.116 1.077 0.037 0.120 0.893
2.97  11.44 4.37 0.128 0.110 1.062 0.038 0.132 0.955
2.86  11.57 4.36 0.130 0.112 1.086 0.040 0.129 0.999
2.85  11.69 4.42 0.130 0.122 1.107 0.033 0.133 0.994
2.86  11.59 4.40 0.103 0.113 1.073 0.040 0.128 0.992
3.01  11.61 4.43 0.105 0.116 1.074 0.050 0.114 1.020
2.85  11.70 4.32 0.141 0.116 1.131 0.038 0.146 1.002
2.92  11.39 4.31 0.117 0.116 1.027 0.039 0.122 0.914
2.93  11.58 4.38 0.116 0.116 1.089 0.037 0.128 0.995
2.76  11.46 4.39 0.123 0.115   0.128 0.999
2.87  11.57 4.39 0.118 0.119   0.128 1.006
2.86  11.52 4.41 0.125 0.109   0.126 0.972
 
 
**Table IX-aj Melt inclusions in quartz phenocrysts from Flat Creek, South Branch, NY 
K-bentonite BXX+4 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.86  11.72 4.94 0.091 0.093   0.096 0.653
2.74  11.64 4.54 0.101 0.090   0.105 0.651
2.84  11.72 4.76 0.092 0.090 1.030 0.066 0.105 0.702
2.64  11.56 4.74 0.094 0.089 1.025 0.071 0.097 0.641
2.70  11.45 4.93 0.080 0.067   0.067 0.478
2.77  11.75 4.79 0.111 0.089   0.113 0.681
2.93  11.35 4.57 0.102 0.087   0.107 0.679
2.85  11.52 4.50 0.094 0.083 0.979 0.071 0.101 0.654
2.82  11.49 4.73 0.091 0.092 1.003 0.073 0.107 0.689
2.78  11.61 4.67 0.100 0.083 0.986 0.059 0.099 0.649
2.66  11.46 4.68 0.116 0.090 1.069 0.073 0.112 0.740
2.73  11.56 4.75 0.104 0.085 1.028 0.066 0.102 0.660
 
**Note: Electron Microprobe Analysis performed by John Delano. 
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**Table IX-ak Melt inclusions in quartz phenocrysts from Flat Creek, NY @ -4 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.83 72.03 11.59 4.37 0.124 0.117 1.067 0.022 0.126 0.956
2.99 71.89 11.48 4.38 0.087 0.122 1.042 0.017 0.118 0.933
2.96 70.93 11.69 4.39 0.127 0.112 1.044 0.022 0.131 0.971
3.07 70.83 11.85 4.19 0.123 0.113 1.092 0.063 0.136 0.981
2.87 71.77 11.90 4.34 0.115 0.118 1.070 0.043 0.130 0.951
2.78 72.38 11.64 4.35 0.124 0.119 1.086 0.061 0.133 0.981
2.82 72.01 11.50 4.27 0.123 0.113 1.098 0.037 0.134 0.966
2.89 71.82 11.49 4.38 0.121 0.116 1.081 0.034 0.131 0.960
2.87 71.71 11.47 4.31 0.116 0.112 1.054 0.057 0.128 0.933
2.89 71.95 11.44 4.38 0.121 0.108 1.055 0.035 0.130 0.965
2.92 72.20 11.08 4.28 0.133 0.120 1.044 0.027 0.129 0.932
2.77 72.83 10.94 4.22 0.123 0.106 1.057 0.025 0.123 0.928
 
 
**Table IX-al Melt inclusions in quartz phenocrysts from Flat Creek, NY @ 31.2 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.50 72.88 12.43 6.44 0.168 0.029 0.504 0.029 0.075 1.710
3.16 70.78 12.61 5.21 0.082 0.002 0.890 0.059 0.230 1.149
3.28 71.71 11.84 8.50 0.156 0.030 1.164 0.035 0.260 0.933
    0.165 0.010 1.240 0.037 0.281 1.102
2.53 71.52 13.06 9.57 0.079 0.020 0.531 0.021 0.196 1.136
3.03 70.49 11.82 8.43 0.147 0.052 1.246 0.045 0.276 1.230
    0.147 0.021 1.038 0.044 0.217 1.102
    0.116 0.017 0.940 0.063 0.135 0.501
2.99 70.36 11.64 6.10 0.247 0.093 2.381 0.081 0.387 3.142
 
**Note: Electron Microprobe Analysis performed by John Delano. 
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***Table IX-am Melt inclusions in quartz phenocrysts from Flat Creek, NY @ 47.4 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.34 72.30 11.65 4.36 0.062 0.101 0.863 0.050 0.029 1.115
3.09 72.49 11.79 4.48 0.050 0.103 0.951 0.072 0.045 0.893
4.36 74.88 11.43 2.06 0.154 0.191 0.759 0.111 0.122 0.939
3.19 71.94 12.18 4.64 0.041 0.096 0.696 0.090 0.039 0.894
3.22 71.79 14.89 5.98 0.034 0.118 0.878 0.096 0.031 1.004
2.95 70.44 16.71 6.56 0.058 0.137 0.996 0.080 0.050 1.064
3.23 70.07 16.55 6.53 0.059 0.154 1.068 0.073 0.028 0.781
3.46 71.80 12.18 4.37 0.024 0.027 0.673 0.076 0.031 0.823
    0.026 0.039 0.642 0.085 0.034 0.887
2.98 72.20 11.82 4.40 0.077 0.115 0.916 0.039 0.073 0.839
3.25 71.58 12.18 4.62 0.026 0.109 0.818 0.066 0.041 0.928
2.99 71.50 12.13 3.36 0.105 0.083 1.485 0.047 0.140 1.266
2.77  11.26 4.19 0.123 0.107 1.035 0.044 0.127 0.884
3.28  11.61 4.58 0.016 0.032 0.624 0.039 0.011 0.395
2.77  11.16 4.40 0.066 0.102 0.750 0.032 0.064 0.693
2.84  11.16 4.46 0.057 0.105 0.774 0.039 0.048 0.646
2.83  11.13 4.43 0.064 0.109 0.788 0.035 0.052 0.663
3.02  11.06 4.00 0.088 0.095 0.899 0.050 0.078 0.763
3.42  11.61 4.35 0.024 0.037 0.746 0.089 0.047 0.814
3.06  11.32 4.52 0.052 0.113 0.767 0.038 0.053 0.707
3.46  11.72 4.43 0.019 0.032 0.494 0.126 0.014 0.795
2.35  10.99 4.09 0.212 0.072 1.034 0.046 0.149 1.498
 
***Note: Electron Microprobe Analysis performed by John Delano and Steffi 
Dannenman. 
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*Table IX-an Melt inclusions in quartz phenocrysts from Flat Creek, NY @ 49.5 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
    0.209 0.165 1.150 0.085 0.216 1.108
3.29 73.51 11.34 2.74 0.231 0.160 1.150 0.085 0.213 1.104
3.53 72.25 11.23 2.57 0.213 0.163 1.290 0.085 0.208 1.059
    0.118 0.105 1.249 0.090 0.127 0.844
    0.034 0.092 0.791 0.037 0.046 0.671
3.41 72.06 11.84 2.97 0.275 0.146 0.589 0.057 0.124 0.858
3.43 71.80 11.88 3.01 0.269 0.144 1.169 0.088 0.220 1.063
    0.205 0.151 1.354 0.099 0.208 1.102
3.25 73.84 11.17 2.72 0.234 0.160 0.838 0.076 0.184 0.971
3.26 73.88 11.59 3.15 0.200 0.149 1.212 0.087 0.181 0.945
2.90 74.15 11.31 3.05 0.297 0.326 0.985 0.083 0.201 1.140
3.18 73.91 11.46 2.80 0.223 0.152 1.250 0.067 0.219 0.785
    0.244 0.167 1.238 0.084 0.196 1.057
    0.115 0.046 1.081 0.089 0.131 1.056
2.78 74.74 11.51 2.76 0.177 0.144 1.139 0.085 0.177 0.905
2.95 75.38 10.86 2.64 0.209 0.126 1.177 0.071 0.206 0.901
3.23 73.61 11.67 2.70 0.227 0.144 1.339 0.092 0.232 0.935
3.12 73.15 11.50 3.08 0.188 0.131 1.174 0.086 0.195 0.954
2.96 74.20 11.13 2.97 0.213 0.129 1.229 0.090 0.222 0.977
2.93 74.47 11.19 3.66 0.029 0.081 0.704 0.063 0.036 0.742
 
*Note: Electron Microprobe Analysis performed by Steffi Dannenman. 
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**Table IX-ao Melt inclusions in quartz phenocrysts from Flat Creek, NY @ 70 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
    0.218 0.278   0.232 1.790
    0.219 0.268   0.231 1.792
    0.225 0.272   0.232 1.778
    0.214 0.277   0.242 1.790
    0.223 0.269   0.242 1.775
    0.213 0.269   0.261 1.769
    0.205 0.271   0.233 1.809
    0.214 0.273   0.231 1.755
    0.215 0.263   0.236 1.758
    0.213 0.268   0.245 1.766
    0.216 0.269   0.242 1.783
    0.227 0.275   0.262 1.970
    0.213 0.257   0.254 1.870
    0.227 0.286   0.225 1.801
    0.218 0.259   0.248 1.785
    0.220 0.274   0.228 1.811
    0.220 0.273   0.231 1.741
    0.214 0.266   0.240 1.771
    0.215 0.267   0.247 1.803
    0.213 0.274   0.236 1.805
    0.201 0.276   0.227 1.755
    0.200 0.266   0.223 1.743
 
**Note: Electron Microprobe Analysis performed by John Delano. 
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**Table IX-ap Melt inclusions in quartz phenocrysts from Canajoharie Creek, NY        
@ 12 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
    0.085 0.100   0.084 0.893
    0.077 0.113   0.092 0.941
    0.118 0.102   0.128 1.043
    0.119 0.113   0.149 1.031
    0.094 0.108   0.081 0.979
    0.098 0.105   0.084 0.970
    0.112 0.104   0.081 0.997
    0.085 0.099   0.074 0.816
    0.060 0.101   0.051 0.820
    0.126 0.120   0.125 0.962
    0.112 0.120   0.128 0.981
    0.101 0.124   0.134 0.981
    0.112 0.111   0.124 0.961
    0.123 0.106   0.136 0.955
    0.113 0.111   0.135 0.981
    0.124 0.115   0.131 0.975
    0.119 0.110   0.115 0.920
    0.117 0.115   0.124 0.907
    0.108 0.094   0.116 0.853
    0.110 0.106   0.133 0.948
    0.118 0.114   0.143 1.016
    0.098 0.114   0.128 0.970
    0.125 0.110   0.128 0.961
    0.109 0.121   0.125 0.967
 
**Note: Electron Microprobe Analysis performed by John Delano. 
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**Table IX-aq Melt inclusions in quartz phenocrysts from Canajoharie Creek, NY        
@ 14.5 m K-bentonite B-1-1 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.00 72.74 11.81 4.34 0.128 0.118 1.121 0.044 0.134 0.986
3.00 72.89 11.85 4.38 0.123 0.117 1.108 0.041 0.136 0.991
2.92 73.20 11.77 4.37 0.133 0.122 1.102 0.040 0.136 0.993
3.01 72.40 11.96 4.37 0.131 0.116 1.115 0.035 0.137 1.001
3.14 72.18 11.93 4.30 0.124 0.114 1.106 0.049 0.134 0.959
2.81 73.29 11.69 4.27 0.126 0.113 1.100 0.040 0.132 0.965
 72.82 11.82 4.34 0.131 0.115 1.112 0.037 0.136 0.997
 72.47 11.86 4.40 0.124 0.114 1.100 0.036 0.134 1.014
2.93 72.31 11.98 4.38 0.128 0.117 1.100 0.045 0.130 1.003
2.91 72.77 11.81 4.34 0.118 0.111 1.070 0.041 0.131 0.978
2.97 70.86 11.76 4.25 0.094 0.116 1.066 0.047 0.144 1.033
2.99 72.87 11.67 4.31 0.124 0.112 1.072 0.048 0.132 0.950
 
 
**Table IX-ar Melt inclusions in quartz phenocrysts from Canajoharie Creek, NY K-
bentonite B-13 @ 61.85 m or 61.9 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.25  11.15 2.50 0.370 0.334 1.576 0.066 0.309 1.784
3.10  11.99 4.40 0.081 0.102 1.112 0.072 0.111 0.958
2.84  11.25 4.19 0.144 0.033 0.605 0.034 0.016 1.602
2.98  11.54 2.19 0.321 0.176 1.707 0.068 0.305 1.547
3.61  11.67 3.33 0.230 0.381 1.062 0.073 0.191 1.187
3.06  11.64 2.19 0.292 0.194 1.550 0.071 0.296 1.482
4.27  11.80 2.60 0.092 0.062 0.864 0.063 0.056 1.018
2.55  11.38 3.96 0.152 0.108 1.192 0.039 0.137 1.067
2.57  11.18 3.92 0.173 0.102 1.142 0.040 0.135 1.057
4.09  11.30 2.30 0.114 0.004 1.124 0.010 0.117 0.483
3.38  11.59 3.11 0.195 0.304 1.256 0.063 0.217 1.137
4.34  11.54 2.32 0.076 0.049 0.990 0.076 0.052 0.925
 
**Note: Electron Microprobe Analysis performed by John Delano. 
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**Table IX-as Melt inclusions in quartz phenocrysts from Canajoharie Creek, NY K-
bentonite B-14 @ 63.5 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.54  12.00 4.63 0.036 0.067 0.634 0.088 0.029 0.852
3.36  11.90 4.75 0.035 0.098 0.803 0.059 0.037 0.835
3.66  11.62 4.22 0.042 0.055 0.607 0.044 0.015 0.592
3.34  11.89 4.68 0.034 0.098 0.755 0.081 0.037 0.838
3.31  11.77 4.65 0.036 0.094 0.724 0.069 0.035 0.823
3.27  11.80 4.57 0.039 0.058 0.697 0.075 0.034 0.768
2.48  14.34 6.86 0.166 0.137 1.039 0.040 0.102 0.794
2.95  11.61 4.92 0.053 0.138 0.801 0.087 0.085 1.122
2.89  11.50 4.20 0.112 0.118 1.078 0.039 0.133 1.002
3.46  11.78 4.50 0.019 0.046 0.558 0.077 0.027 0.854
3.22  11.57 4.51 0.043 0.091 0.725 0.067 0.038 0.787
3.43 71.62 11.84 4.64 0.039 0.101 0.732 0.080 0.037 0.865
3.15 72.73 11.48 4.40 0.033 0.101 0.834 0.067 0.038 0.809
2.96 70.94 16.39 6.66 0.038 0.136 0.967 0.104 0.039 1.045
3.01 72.01 11.90 4.32 0.093 0.103 1.050 0.047 0.090 0.952
3.20 72.46 11.45 4.41 0.027 0.068 0.770 0.068 0.017 0.654
3.46 70.29 11.86 4.47 0.024 0.052 0.644 0.069 0.036 0.805
3.26 73.62 11.19 3.07 0.183 0.249 1.242 0.059 0.172 0.644
2.93 75.30 10.55 2.93 0.123 0.106 1.181 0.049 0.154 0.962
3.33 71.54 11.82 4.62 0.033 0.099 0.784 0.070 0.040 0.846
2.86 73.09 11.51 4.37 0.135 0.115 0.106 0.033 0.126 0.957
3.22 71.56 11.57 4.65 0.041 0.094 0.774 0.066 0.038 0.762
 
**Note: Electron Microprobe Analysis performed by John Delano. 
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***Table IX-at Melt inclusions in quartz phenocrysts from Canajoharie Creek, NY K-
bentonite B-16 @ 65.5 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.09 73.69 11.44 2.68 0.220 0.156 1.361 0.085 0.226 1.099
3.39 71.19 11.94 4.58 0.036 0.103 0.793 0.080 0.041 0.883
3.35 71.25 11.93 4.60 0.029 0.101 0.771 0.080 0.039 0.886
3.48 73.31 11.70 2.67 0.215 0.166 1.183 0.084 0.220 0.988
3.40 73.54 11.54 2.97 0.221 0.146 1.265 0.096 0.215 1.087
3.30 72.04 12.06 4.73 0.040 0.096 0.743 0.085 0.038 0.823
3.36 74.20 11.54 2.89 0.229 0.150 1.197 0.107 0.189 0.768
2.91 73.00 11.37 2.26 0.214 0.261 1.790 0.062 0.229 1.728
3.25 72.62 11.33 2.95 0.218 0.150 1.207 0.089 0.198 1.078
3.26 71.47 11.91 4.60 0.038 0.102 0.843 0.071 0.038 0.800
3.50 73.48 11.43 3.08 0.188 0.162 1.035 0.088 0.174 0.942
 74.04 11.31 2.70 0.223 0.148 1.371 0.068 0.231 1.141
 74.04 11.31 2.70 0.227 0.142 1.340 0.081 0.231 1.113
3.39 73.45 11.52 2.97 0.181 0.146 0.975 0.090 0.188 0.934
3.39 73.45 11.52 2.97 0.181 0.152 1.075 0.083 0.199 1.000
2.14 73.09 11.68 1.62 0.242 0.098 2.757 0.106 0.357 3.322
  11.80  0.247 0.151 1.344 0.100 0.240 1.140
3.08 75.18 10.92 2.96 0.180 0.151 0.952 0.075 0.168 0.862
  11.80  0.145 0.177 0.836 0.107 0.155 0.800
 
***Note: Electron Microprobe Analysis performed by John Delano and Steffi 
Dannenman. 
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*Table IX-au Melt inclusions in quartz phenocrysts from Canajoharie Creek, NY K-
bentonite B-17 @ 67 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
3.15 71.81 15.97 6.27 0.123 0.109 0.792 0.060 0.042 1.159
3.18 72.79 13.22 5.33 0.096 0.087 0.875 0.020 0.025 0.256
2.82 75.75 11.17 3.43 0.401 0.269 1.178 0.040 0.227 1.620
3.21 74.15 11.78 4.58 0.082 0.073 0.632 0.020 0.029 0.538
3.00 75.32 11.03 3.44 0.373 0.262 1.134 0.050 0.235 1.604
3.33 75.12 11.04 3.38 0.383 0.264 1.178 0.040 0.229 1.648
3.39 75.12 11.05 3.34 0.381 0.266 1.186 0.040 0.234 1.633
3.09 75.14 11.18 3.43 0.394 0.275 1.177 0.050 0.233 1.649
3.07 75.55 11.08 3.34 0.380 0.274 1.168 0.050 0.229 1.633
3.12 73.07 11.63 4.69 0.075 0.083 0.859 0.040 0.040 0.969
3.00 75.02 11.19 3.50 0.384 0.288 1.106 0.040 0.229 1.596
3.14 72.92 11.70 4.52 0.089 0.079 0.850 0.040 0.053 1.060
2.98 75.68 11.13 3.32 0.375 0.272 1.145 0.050 0.229 1.598
 
*Note: Electron Microprobe Analysis performed by Steffi Dannenman. 
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**Table IX-av Melt inclusions in quartz phenocrysts from Canajoharie Creek, NY K-
bentonite B-26 @ 84.7 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
    0.219 0.261   0.235 1.742
    0.197 0.256   0.234 1.761
    0.211 0.255   0.228 1.719
    0.217 0.266   0.238 1.775
    0.194 0.257   0.243 1.757
    0.208 0.250   0.240 1.717
    0.222 0.257   0.244 1.796
    0.220 0.258   0.246 1.796
    0.216 0.275   0.231 1.780
    0.223 0.274   0.234 1.748
    0.213 0.270   0.230 1.764
    0.199 0.262   0.229 1.770
    0.219 0.277   0.235 1.836
    0.224 0.276   0.230 1.778
    0.212 0.281   0.235 1.838
    0.221 0.263   0.239 1.764
    0.208 0.262   0.238 1.760
    0.218 0.258   0.232 1.756
    0.217 0.262   0.231 1.761
    0.217 0.262   0.241 1.767
    0.206 0.265   0.240 1.774
    0.214 0.258   0.241 1.721
    0.207 0.261   0.239 1.736
    0.219 0.276   0.237 1.786
    0.213 0.277   0.233 1.789
    0.225 0.271   0.227 1.839
    0.225 0.271   0.233 1.830
 
**Note: Electron Microprobe Analysis performed by John Delano. 
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**Table IX-aw Melt inclusions in quartz phenocrysts from the “High Falls Ash” K-
bentonite from Trenton Falls, NY 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
    0.032 0.097   0.033 0.779
    0.053 0.076   0.042 0.776
    0.093 0.063   0.066 0.719
    0.118 0.062   0.079 0.723
    0.091 0.060   0.079 0.722
    0.101 0.073   0.066 0.765
    0.071 0.082   0.060 0.761
    0.050 0.069   0.046 0.783
    0.086 0.079 0.582 0.042 0.058 0.747
    0.069 0.077 0.607 0.042 0.061 0.786
    0.028 0.102 0.478 0.079 0.035 0.795
    0.082 0.070 0.631 0.031 0.055 0.685
    0.037 0.085 0.546 0.058 0.037 0.771
    0.056 0.077 0.588 0.037 0.051 0.695
    0.116 0.063 0.811 0.024 0.058 0.448
    0.046 0.073 0.661 0.055 0.046 0.794
    0.086 0.068 0.616 0.043 0.066 0.720
    0.091 0.077 0.618 0.032 0.063 0.796
    0.053 0.071 0.641 0.058 0.049 0.805
    0.060 0.065 0.681 0.043 0.050 0.831
    0.062 0.066 0.648 0.044 0.057 0.811
    0.038 0.109 0.471 0.079 0.036 0.754
    0.040 0.106   0.034 0.777
    0.077 0.074 0.586 0.053 0.057 0.742
    0.018 0.104 0.471 0.085 0.039 0.787
    0.092 0.069   0.064 0.717
    0.082 0.075   0.053 0.754
    0.090 0.070 0.595 0.039 0.062 0.803
    0.088 0.074 0.621 0.056 0.064 0.796
    0.088 0.077 0.627 0.047 0.063 0.804
    0.049 0.069 0.633 0.060 0.055 0.824
    0.048 0.074 0.659 0.051 0.050 0.808
    0.067 0.074 0.577 0.052 0.057 0.754
    0.041 0.076 0.609 0.067 0.056 0.762
    0.048 0.077 0.667 0.059 0.046 0.916
    0.067 0.077 0.609 0.052 0.054 0.763
 
**Note: Electron Microprobe Analysis performed by John Delano. 
 487
**Table IX-ax Melt inclusions in quartz phenocrysts from Smalls Bush Road, NY        
@ 18.1 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.79 74.28 11.99 5.13 0.133 0.041 0.474 0.050 0.051 1.252
2.77 74.04 12.04 5.14 0.123 0.039 0.465 0.044 0.049 1.231
2.86 74.44 11.87 5.04 0.105 0.034 0.416 0.048 0.037 1.022
2.72 74.72 11.75 5.01 0.116 0.034 0.416 0.037 0.037 1.040
2.72 73.69 12.09 5.06 0.132 0.039 0.514 0.043 0.049 1.230
 
 
**Table IX-ay Melt inclusions in quartz phenocrysts from Countryman Creek, NY       
@ 27.3 m 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.43  11.54 5.27 0.071 0.042 0.763 0.028 0.067 0.780
2.35  11.63 4.96 0.081 0.044 0.804 0.028 0.068 0.795
2.53  11.74 5.10 0.069 0.048 0.808 0.032 0.072 0.809
2.33  11.43 5.21 0.070 0.038 0.798 0.027 0.066 0.784
2.37  11.46 5.27 0.061 0.051 0.802 0.029 0.066 0.790
2.38  11.69 5.19 0.087 0.043 0.842 0.035 0.071 0.841
2.43  11.53 5.24 0.085 0.049 0.808 0.029 0.078 0.801
2.46  11.80 4.91 0.086 0.057 0.832 0.029 0.069 0.824
2.46  11.77 5.23 0.076 0.049 0.851 0.035 0.069 0.840
2.35  11.03 4.53 0.059 0.050 0.777 0.026 0.074 0.712
2.22  11.70 5.17 0.063 0.045 0.816 0.035 0.068 0.827
2.37  11.66 5.11 0.102 0.043 0.852 0.039 0.077 0.799
 
 
**Table IX-az Melt inclusions in quartz phenocrysts from Nowadaga Creek, NY K-
bentonite B-0 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.72  11.86  0.067 0.036 0.726 0.035 0.066 0.573
2.54  11.32  0.090 0.032   0.055 0.772
2.61  11.54  0.074 0.066 0.807 0.026 0.076 0.775
 
**Note: Electron Microprobe Analysis performed by John Delano. 
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**Table IX-ba Melt inclusions in quartz phenocrysts from Myers Road, NY K-bentonite 
MD1 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.63  11.40 4.64 0.094 0.086 1.005 0.065 0.098 0.667
2.79  11.77 4.80 0.108 0.085 1.037 0.062 0.124 0.763
2.70  11.82 4.68 0.085 0.090 1.035 0.066 0.101 0.681
2.69  11.51 4.72 0.102 0.086 1.029 0.069 0.111 0.716
2.78  11.63 4.71 0.100 0.089 1.022 0.059 0.115 0.712
2.79  11.59 4.86 0.088 0.092 0.977 0.066 0.098 0.694
2.81  11.46 4.60 0.119 0.097 1.069 0.064 0.116 0.751
2.67  11.07 4.49 0.090 0.085 0.930 0.057 0.100 0.584
2.64  11.63 4.68 0.108 0.087 1.017 0.067 0.108 0.693
2.71  11.39 4.58 0.086 0.087 0.967 0.065 0.095 0.615
2.63  11.58 4.77 0.111 0.088   0.106 0.715
2.81  11.49 4.78 0.101 0.091 0.982 0.058 0.095 0.681
 
 
**Table IX-bb Melt inclusions in quartz phenocrysts from Myers Road, NY K-bentonite 
MD2 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.62  11.69 5.34 0.061 0.040 0.785 0.025 0.062 0.786
2.65  11.69 5.18 0.072 0.037 0.781 0.034 0.067 0.832
2.41  11.54 5.30 0.083 0.036 0.763 0.028 0.061 0.797
2.56  11.73 5.19 0.068 0.032 0.779 0.032 0.060 0.747
2.58  12.02 5.27 0.106 0.038 0.847 0.033 0.081 0.898
2.52  11.50 5.42 0.081 0.038 0.756 0.032 0.064 0.794
 
**Note: Electron Microprobe Analysis performed by John Delano. 
 
 489
 
**Table IX-bc Melt inclusions in quartz phenocrysts from Myers Road, NY K-bentonite 
MC2 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.42  11.43 5.33 0.054 0.039 0.821 0.044 0.057 0.716
2.43  11.43 5.17 0.049 0.043 0.806 0.043 0.056 0.708
2.26  11.29 5.32 0.100 0.043 0.800 0.021 0.071 0.754
2.27  11.14 5.31 0.052 0.032 0.646 0.040 0.051 0.654
2.45  11.42 5.37 0.076 0.046 0.786 0.024 0.067 0.762
2.35  11.52 5.48 0.075 0.042 0.806 0.025 0.067 0.802
2.36  11.58 5.28 0.087 0.044 0.774 0.030 0.071 0.789
2.47  11.54 5.41 0.089 0.041 0.797 0.022 0.066 0.789
    0.078 0.045   0.064 0.787
    0.095 0.043   0.068 0.799
2.51  11.55 5.41 0.074 0.039 0.892 0.031 0.054 0.624
 
 
**Table IX-bd Melt inclusions in quartz phenocrysts from NYS Thruway, NY K-
bentonite B-3 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.56  11.71 5.21 0.115 0.049 0.840 0.036 0.073 0.833
2.45  11.55 5.35 0.055 0.041 0.815 0.046 0.069 0.883
2.37  11.64 5.26 0.105 0.045 0.815 0.030 0.077 0.852
2.35  11.41 5.26 0.084 0.043 0.794 0.021 0.067 0.810
2.28  11.44 5.08 0.051 0.038 0.781 0.027 0.061 0.765
2.30  11.49 5.48 0.104 0.059 0.750 0.024 0.082 0.871
 
 
**Table IX-be Melt inclusions in quartz phenocrysts from NYS Thruway, NY @ 5 ft 
MP 213.07 
Na2O SiO2 Al2O3 K2O TiO2 Cl CaO MnO MgO FeO 
2.55 71.55 12.12 5.38 0.083 0.041 0.827 0.036 0.066 0.854
2.59 70.58 12.17 5.32 0.063 0.041 0.812 0.037 0.067 0.851
2.63 72.08 11.62 5.37 0.021 0.033 0.630 0.038 0.063 0.809
2.43 72.54 11.67 5.27 0.072 0.042 0.826 0.024 0.064 0.837
2.29 72.04 11.79 5.29 0.070 0.041 0.841 0.027 0.067 0.842
2.61 71.77 12.01 5.25 0.085 0.044 0.806 0.028 0.063 0.838
 
**Note: Electron Microprobe Analysis performed by John Delano. 
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APPENDIX X 
ELECTRON MICROPROBE ANALYSES OF APATITES FROM UPPER MIDDLE 
ORDOVICIAN K-BENTONITES DISCUSSED IN CHAPTER 6 
(All data in weight percent, total iron expressed as FeO) 
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Table X-a Apatite phenocrysts from Antes Gap, PA, Antes Creek @ 34.2 m 
CaO  Na2O  MnO FeO P2O5 MgO F  Cl  SiO2  SrO 
53.90 0.069 0.135 0.236 41.60 0.060 3.03 0.526 0.215 0.052
54.78 0.004   42.37 0.001 4.55 0.003 0.014 0.494
53.71 0.073 0.224 0.289 41.72 0.094 3.00 0.592 0.400 0.065
54.20 0.124 0.146 0.354 41.90 0.231 2.68 1.108 0.234 0.081
54.33 0.070 0.042 0.204 42.75 0.083 3.77 0.120 0.085 0.116
53.59 0.209 0.185 0.193 41.69 0.121 3.27 0.761 0.246 0.062
53.91 0.136 0.148 0.261 42.12 0.199 2.76 0.636 0.261 0.069
54.44 0.050 0.133 0.146 42.67 0.024 3.26 0.172 0.343 0.048
55.09 0.007 0.004  42.27 0.004 4.43 0.005 0.007 0.474
52.65 0.103 0.232 0.273 40.75 0.061 3.34 0.626 0.812 0.086
53.99 0.083 0.130 0.221 41.15 0.130 2.75 0.630 0.413 0.066
54.38 0.099 0.115 0.187 41.47 0.142 3.36 0.498 0.231 0.099
53.81 0.047 0.140 0.342 41.69 0.242 2.50 0.633 0.405 0.090
54.87 0.016 0.005 0.021 41.81 0.011 4.98 0.037 0.028 0.509
 
 
Table X-b Apatite phenocrysts from Antes Gap, PA, Antes Creek @ 13.0 m 
CaO  Na2O  MnO FeO P2O5 MgO F  Cl  SiO2  SrO 
54.04 0.057 0.135 0.320 41.41 0.241 2.62 0.714 0.237 0.065
53.97 0.145 0.156 0.309 41.17 0.200 2.89 0.775 0.204 0.072
53.59 0.169 0.157 0.311 41.55 0.200 2.80 0.801 0.227 0.067
54.19 0.089 0.156 0.316 41.32 0.199 2.85 0.794 0.247 0.064
53.84 0.140 0.150 0.310 41.65 0.201 2.79 0.803 0.198 0.065
53.65 0.045 0.137 0.319 41.26 0.249 2.60 0.709 0.280 0.061
53.87 0.109 0.154 0.311 41.45 0.199 2.78 0.782 0.187 0.063
54.28 0.107 0.158 0.315 40.86 0.199 2.92 0.794 0.237 0.066
53.88 0.100 0.157 0.296 41.17 0.168 2.90 0.796 0.235 0.061
53.88 0.074 0.155 0.308 41.41 0.198 2.77 0.774 0.225 0.059
54.07 0.078 0.156 0.303 42.29 0.197 2.91 0.781 0.231 0.063
53.65 0.071 0.158 0.306 41.47 0.201 2.77 0.782 0.252 0.058
53.92 0.056 0.141 0.324 41.63 0.249 2.51 0.704 0.224 0.069
54.98 0.033 0.025 0.036 42.76 0.012 3.63 0.013 0.033 0.064
54.24 0.100 0.159 0.304 41.42 0.180 3.02 0.694 0.241 0.055
53.71 0.065 0.144 0.325 41.74 0.251 2.57 0.712 0.242 0.055
53.71 0.117 0.146 0.330 41.32 0.253 2.51 0.720 0.222 0.067
53.95 0.077 0.157 0.305 41.60 0.199 2.72 0.784 0.229 0.068
53.69 0.084 0.160 0.296 42.03 0.172 2.86 0.790 0.229 0.059
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Table X-c Apatite phenocrysts from Antes Gap, PA, Route 880 @ 8.2 m (Reported "B-
R" of Thomson, 1963) 
CaO  Na2O  MnO FeO P2O5 MgO F  Cl  SiO2  SrO 
54.15 0.027 0.065 0.353 41.50 0.309 3.23 0.221 0.629 0.074
54.67 0.039 0.070 0.297 42.40 0.227 3.25 0.228 0.180 0.070
53.33 0.042 0.063 0.317 41.08 0.222 3.34 0.204  0.100
54.33 0.034 0.056 0.318 41.29 0.323 2.99 0.190 0.160 0.075
54.18 0.050 0.072 0.315 42.30 0.242 3.41 0.181 0.132 0.080
53.76 0.110 0.061 0.241 41.38 0.167 5.15 0.199 0.164 0.061
54.14 0.041 0.067 0.314 42.04 0.266 2.98 0.227 0.150 0.069
54.47 0.034 0.062 0.326 41.80 0.318 3.05 0.205 0.155 0.075
53.76 0.047 0.070 0.283 41.67 0.218 3.47 0.229 0.169 0.086
54.21 0.048 0.070 0.270 41.97 0.214 3.44 0.225 0.164 0.078
54.31 0.023 0.061 0.317 42.23 0.319 2.95 0.200 0.177 0.070
54.25 0.052 0.069 0.295 41.65 0.224 3.32 0.233 0.149 0.073
54.38 0.038 0.072 0.333 41.69 0.228 3.37 0.231 0.151 0.078
54.22 0.033 0.065 0.313 42.10 0.322 3.04 0.208 0.159 0.073
54.24 0.040 0.071 0.299 41.80 0.228 3.43 0.230 0.182 0.077
53.92 0.051 0.075 0.280 41.58 0.183 3.59 0.226 0.192 0.087
54.06 0.053 0.074 0.302 41.98 0.219 2.84 0.225 0.214 0.070
53.77 0.049 0.067 0.295 41.50 0.221 2.72 0.222 0.141 0.063
53.67 0.049 0.067 0.301 42.05 0.221 2.80 0.227 0.145 0.082
53.76 0.047 0.071 0.294 41.76 0.218 2.86 0.225 0.142 0.076
54.05 0.051 0.065 0.300 41.43 0.228 2.79 0.224 0.168 0.074
53.58 0.047 0.067 0.295 41.21 0.226 2.91 0.221 0.149 0.076
53.36 0.048 0.072 0.294 41.35 0.227 2.88 0.219 0.161 0.074
 
Table X-d Apatite phenocrysts from Antes Gap, PA, Antes Creek @ 1.4 m 
CaO  Na2O  MnO FeO P2O5 MgO F  Cl  SiO2  SrO 
54.30 0.071 0.086 0.175 42.25 0.032 3.84 0.159 0.127 0.099
53.79 0.106 0.108 0.154 41.69 0.031 4.50 0.049 0.053 0.098
53.42 0.181 0.270 0.385 40.86 0.063 4.16 0.090 0.176 0.067
54.59 0.002   42.03 0.004 4.75 0.001 0.025 0.521
54.72    42.27 0.002 4.80  0.016 0.606
54.71 0.158 0.116 0.283 41.92 0.070 4.66 0.074 0.202 0.093
54.79 0.012 0.004  41.42 0.003 4.85 0.001 0.019 0.496
54.46  0.038 0.053 41.88 0.015 5.32 0.001  0.552
54.70 0.060 0.027 0.055 41.68 0.017 4.71 0.030 0.044 0.126
54.64 0.005   41.09 0.003 4.81 0.004 0.020 0.644
54.35 0.068 0.062 0.193 41.31 0.093 3.64 0.260 0.236 0.054
54.41 0.006  0.004 41.29 0.013 4.94  0.146 0.623
54.72 0.012 0.008 0.002 42.02 0.005 4.99 0.005 0.008 0.367
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Table X-e Apatite phenocrysts from Reedsville, PA Antes Shale A-16 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
55.76 0.083 0.102 0.204 42.85 0.014 2.925 0.198 0.083 0.043
55.21 0.086 0.106 0.208 42.01 0.016 3.100 0.199 0.109 0.046
54.73 0.081 0.107 0.205 41.44 0.017 3.190 0.195 0.114 0.044
54.87 0.075 0.076 0.209 41.64 0.008 3.270 0.197 0.174 0.116
55.23 0.081 0.108 0.207 41.39 0.014 3.180 0.194 0.146 0.040
54.95 0.072 0.099 0.213 41.68 0.017 3.110 0.199 0.120 0.058
54.94 0.081 0.107 0.207 42.02 0.014 3.240 0.194 0.161 0.052
54.47 0.086 0.101 0.254 41.46 0.029 3.190 0.188 0.204 0.042
55.30 0.080 0.099 0.205 41.23 0.014 3.150 0.201 0.137 0.044
54.87 0.101 0.098 0.199 41.82 0.016 3.010 0.194 0.044 0.052
54.76 0.079 0.105 0.209 41.79 0.016 3.150 0.197 0.165 0.048
55.10 0.090 0.107 0.197 42.49 0.016 3.140 0.196 0.033 0.040
55.07 0.083 0.105 0.199 41.76 0.019 3.270 0.195 0.121 0.048
54.73 0.080 0.103 0.236 41.44 0.021 3.280 0.196 0.125 0.061
54.84 0.091 0.101 0.202 42.32 0.015 3.150 0.196 0.103 0.044
54.65 0.080 0.108 0.200 42.10 0.020 3.210 0.202 0.147 0.050
54.91 0.085 0.109 0.208 41.49 0.015 3.260 0.198 0.256 0.038
55.94 0.086 0.101 0.208 42.58 0.031 3.430 0.200 0.142 0.045
56.44 0.089 0.103 0.208 43.00 0.029 3.190 0.198 0.123 0.046
56.25 0.090 0.101 0.215 43.60 0.028 3.590 0.161 0.126 0.048
56.13 0.106 0.113 0.216 42.34 0.037 3.400 0.200 0.112 0.057
56.49 0.050 0.032 0.071 42.69 0.030 4.410 0.109 0.132 0.096
54.08 0.087 0.108 0.207 40.28 0.025 3.230 0.200 0.204 0.048
54.70 0.086 0.106 0.206 40.62 0.026 3.330 0.205 0.168 0.047
54.48 0.091 0.107 0.207 40.55 0.027 3.270 0.205 0.181 0.039
54.24 0.088 0.106 0.211 41.13 0.025 3.540 0.157 0.103 0.040
54.22 0.084 0.109 0.208 41.11 0.026 3.190 0.203 0.160 0.048
54.20 0.088 0.104 0.207 40.53 0.026 3.300 0.206 0.120 0.044
54.88 0.084 0.108 0.210 40.80 0.027 3.380 0.161 0.143 0.044
54.98 0.090 0.105 0.206 40.45 0.025 3.260 0.202 0.177 0.042
54.48 0.090 0.108 0.206 40.49 0.026 3.190 0.204 0.128 0.037
53.89 0.079 0.104 0.214 41.24 0.038 3.030 0.199 0.365 0.044
54.61 0.069 0.107 0.294 41.38 0.036 3.040 0.195 0.148 0.043
53.97 0.086 0.107 0.212 41.34 0.036 3.020 0.190 0.152 0.038
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Table X-e Apatite phenocrysts from Reedsville, PA Antes Shale A-16 (continued) 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
54.26 0.086 0.107 0.212 41.62 0.045 3.070 0.188 0.130 0.039
54.41 0.084 0.098 0.215 42.02 0.038 3.060 0.190 0.139 0.048
54.30 0.077 0.100 0.209 41.54 0.038 3.070 0.195 0.268 0.046
54.18 0.088 0.098 0.205 41.88 0.037 3.010 0.191 0.118 0.041
54.58 0.085 0.103 0.204 42.06 0.037 3.050 0.191 0.170 0.046
54.29 0.081 0.101 0.215 42.09 0.038 3.120 0.191 0.142 0.038
53.90 0.091 0.104 0.203 41.65 0.036 2.984 0.196 0.321 0.040
54.40 0.087 0.102 0.208 42.16 0.036 2.970 0.187 0.116 0.039
54.38 0.087 0.103 0.218 42.08 0.037 3.080 0.193 0.160 0.033
54.54 0.100 0.158 0.177 41.74 0.037 3.100 0.134 0.056 0.062
54.24 0.085 0.110 0.216 41.57 0.037 2.959 0.188 0.113 0.043
54.26 0.090 0.100 0.212 42.26 0.039 3.020 0.195 0.136 0.046
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Table X-f Apatite phenocrysts from Reedsville, PA K-bentonite B-11 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
55.45 0.049 0.071 0.290 41.77 0.215 2.991 0.223 0.168 0.078
54.72 0.046 0.062 0.316 42.36 0.307 2.722 0.205 0.141 0.076
54.72 0.037 0.061 0.319 42.16 0.312 2.563 0.199 0.130 0.072
54.09 0.046 0.060 0.309 41.42 0.302 2.823 0.198 0.155 0.102
54.86 0.046 0.073 0.284 41.63 0.217 3.170 0.219 0.166 0.088
54.24 0.033 0.065 0.307 41.06 0.248 3.100 0.225 0.398 0.077
54.07 0.036 0.060 0.316 41.80 0.304 3.050 0.182 0.135 0.071
53.80 0.057 0.073 0.285 41.97 0.191 3.210 0.201 0.135 0.073
54.37 0.066 0.070 0.294 41.88 0.227 2.943 0.221 0.160 0.076
54.36 0.089 0.070 0.289 42.40 0.219 3.050 0.232 0.144 0.079
54.59 0.054 0.068 0.291 42.56 0.232 2.965 0.231 0.141 0.075
54.34 0.072 0.068 0.280 42.34 0.207 3.040 0.228 0.157 0.074
54.45 0.067 0.073 0.270 41.89 0.186 3.080 0.224 0.175 0.084
54.84 0.067 0.068 0.294 41.93 0.222 3.150 0.226 0.139 0.077
54.51 0.052 0.070 0.296 40.98 0.190 2.929 0.228 0.180 0.085
54.61 0.066 0.072 0.283 42.17 0.189 2.840 0.238 0.161 0.069
54.09 0.032 0.062 0.322 41.17 0.323 2.728 0.203 0.234 0.075
54.35 0.036 0.059 0.312 41.47 0.312 2.629 0.198 0.144 0.071
54.04 0.056 0.072 0.288 41.19 0.225 3.090 0.226 0.148 0.079
54.58 0.053 0.067 0.275 41.91 0.204 3.110 0.225 0.157 0.070
54.13 0.031 0.060 0.311 41.51 0.304 2.682 0.198 0.193 0.075
54.09 0.038 0.072 0.300 41.40 0.217 3.240 0.186 0.195 0.077
53.88 0.019 0.062 0.351 41.63 0.335 2.587 0.163 0.217 0.072
54.57 0.026 0.068 0.319 41.04 0.292 2.813 0.179 0.142 0.078
54.32 0.047 0.073 0.292 42.45 0.216 3.050 0.230 0.167 0.080
54.35 0.043 0.067 0.292 42.31 0.218 3.170 0.204 0.171 0.081
54.12 0.029 0.065 0.313 42.18 0.313 2.748 0.187 0.135 0.068
54.31 0.041 0.070 0.301 42.53 0.236 3.220 0.209 0.127 0.079
54.46 0.032 0.065 0.329 42.81 0.324 2.824 0.202 0.143 0.073
54.19 0.035 0.069 0.328 42.26 0.280 3.150 0.264 0.185 0.079
54.30 0.033 0.063 0.315 42.06 0.312 2.815 0.205 0.158 0.078
54.23 0.040 0.063 0.303 42.59 0.262 2.855 0.219 0.172 0.076
54.59 0.055 0.071 0.275 42.74 0.153 3.130 0.261 0.162 0.076
54.26 0.045 0.072 0.288 42.47 0.198 3.080 0.236 0.134 0.070
54.76 0.032 0.066 0.325 41.95 0.313 2.869 0.206 0.149 0.079
54.30 0.040 0.060 0.319 42.54 0.309 2.754 0.210 0.133 0.073
54.66 0.058 0.073 0.302 42.01 0.230 3.190 0.237 0.169 0.076
54.36 0.026 0.064 0.329 42.02 0.314 2.770 0.208 0.164 0.078
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Table X-g Apatite phenocrysts from Reedsville, PA K-bentonite B-10 (Reported "B-R" 
of Thomson, 1963) 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
54.26 0.027 0.058 0.330 41.63 0.374 2.452 0.164 0.144 0.069
54.52 0.028 0.055 0.323 41.55 0.351 2.526 0.174 0.118 0.066
54.19 0.026 0.064 0.320 41.12 0.315 2.489 0.193 0.142 0.083
54.48 0.025 0.064 0.331 40.73 0.356 2.562 0.170 0.128 0.069
55.04 0.023 0.071 0.315 41.36 0.266 2.576 0.206 0.157 0.070
54.23 0.015 0.060 0.325 41.40 0.329 2.421 0.178 0.134 0.071
53.59 0.030 0.064 0.327 41.32 0.318 2.488 0.175 0.115 0.076
54.56 0.021 0.061 0.339 41.19 0.347 2.458 0.181 0.137 0.069
54.18 0.016 0.065 0.334 41.01 0.341 2.526 0.153 0.169 0.078
53.69 0.034 0.065 0.329 40.85 0.314 2.563 0.192 0.132 0.065
53.49 0.044 0.068 0.298 41.10 0.200 2.911 0.249 0.165 0.071
53.18 0.018 0.063 0.321 42.02 0.326 2.530 0.179 0.155 0.069
53.80 0.035 0.068 0.280 40.62 0.148 2.738 0.299 0.274 0.045
54.24 0.045 0.065 0.283 41.62 0.195 2.740 0.226 0.116 0.069
54.40 0.020 0.067 0.328 41.45 0.325 2.510 0.185 0.162 0.068
53.89 0.017 0.058 0.341 40.83 0.375 2.414 0.172 0.284 0.074
54.29 0.026 0.067 0.319 41.45 0.307 2.593 0.189 0.141 0.078
54.40 0.051 0.076 0.297 41.30 0.175 3.100 0.240 0.145 0.077
54.77 0.033 0.058 0.324 40.66 0.362 2.452 0.169 0.119 0.070
54.30 0.034 0.066 0.319 40.83 0.327 2.497 0.194 0.123 0.073
54.18 0.061 0.069 0.263 41.17 0.154 3.080 0.249 0.169 0.065
54.46 0.035 0.061 0.295 41.63 0.263 2.725 0.187 0.159 0.069
54.41 0.028 0.062 0.335 41.70 0.280 3.030 0.186 0.190 0.074
54.23 0.071 0.070 0.296 41.17 0.176 3.220 0.230 0.130 0.068
53.65 0.029 0.067 0.334 40.80 0.317 2.553 0.193 0.307 0.058
54.70 0.025 0.065 0.317 41.97 0.311 2.482 0.194 0.133 0.068
54.28 0.026 0.060 0.331 42.87 0.365 2.337 0.174 0.113 0.069
54.56 0.034 0.066 0.331 42.36 0.328 2.591 0.190 0.154 0.078
54.47 0.036 0.074 0.301 42.17 0.204 2.903 0.239 0.171 0.078
54.43 0.017 0.061 0.327 42.53 0.326 2.480 0.178 0.191 0.068
54.09 0.029 0.062 0.331 41.83 0.338 2.345 0.190 0.135 0.064
54.47 0.031 0.064 0.328 42.44 0.304 2.500 0.195 0.131 0.075
54.50 0.029 0.069 0.317 42.59 0.252 2.610 0.204 0.135 0.073
54.07 0.020 0.068 0.327 42.51 0.280 2.575 0.213 0.162 0.089
54.13 0.026 0.066 0.326 42.12 0.266 2.561 0.215 0.164 0.066
54.78 0.034 0.067 0.330 42.23 0.317 2.497 0.199 0.141 0.076
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Table X-h Apatite phenocrysts from Reedsville, PA K-bentonite B-8 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
53.61 0.042 0.075 0.259 40.57 0.156 3.010 0.149 0.206 0.081
53.32 0.041 0.072 0.281 40.53 0.184 3.110 0.150 0.166 0.077
52.88 0.049 0.072 0.247 40.45 0.141 3.200 0.150 0.425 0.078
52.92 0.084 0.070 0.280 41.33 0.195 3.070 0.149 0.073 0.080
53.08 0.053 0.073 0.306 40.33 0.225 3.270 0.120 0.189 0.134
53.10 0.036 0.058 0.289 41.24 0.298 2.489 0.135 0.178 0.101
53.37 0.031 0.064 0.281 40.66 0.215 2.901 0.131 0.195 0.067
52.88 0.032 0.074 0.262 40.76 0.176 3.040 0.147 0.233 0.073
52.85 0.044 0.063 0.275 40.95 0.221 2.866 0.141 0.142 0.067
53.09 0.041 0.068 0.267 40.92 0.184 3.120 0.147 0.197 0.076
53.66 0.057 0.071 0.230 40.95 0.105 3.230 0.116 0.169 0.082
53.43 0.056 0.082 0.293 40.59 0.173 3.130 0.164 0.199 0.070
53.25 0.047 0.076 0.295 40.54 0.202 3.100 0.154 0.199 0.065
 
 
Table X-i Apatite phenocrysts from Reedsville, PA K-bentonite B-1 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
53.18 0.036 0.069 0.307 40.56 0.162 2.442 0.455 0.132 0.050
52.66 0.034 0.063 0.273 40.91 0.144 2.627 0.335 0.286 0.048
52.82 0.055 0.082 0.358 40.82 0.119 2.176 0.230 0.308 0.054
52.85 0.075 0.061 0.197 40.95 0.098 3.320 0.276 0.152 0.062
53.49 0.034 0.080 0.353 40.94 0.130 2.128 0.153 0.152 0.054
53.05 0.038 0.064 0.273 41.40 0.155 2.554 0.327 0.155 0.045
52.71 0.035 0.069 0.315 41.30 0.180 2.372 0.431 0.153 0.049
52.74 0.035 0.062 0.288 40.67 0.166 2.502 0.316 0.197 0.045
52.90 0.050 0.067 0.292 41.04 0.148 2.706 0.376 0.205 0.041
53.31 0.031 0.073 0.311 40.59 0.169 2.549 0.432 0.215 0.041
53.28 0.015 0.068 0.337 41.38 0.227 2.195 0.344 0.177 0.041
53.23 0.053 0.070 0.282 41.32 0.142 2.618 0.505 0.144 0.049
53.63 0.033 0.074 0.322 41.57 0.174 2.357 0.440 0.163 0.040
53.82 0.026 0.077 0.373 40.95 0.197 1.971 0.183 0.128 0.050
53.74 0.046 0.076 0.241 40.38 0.072 2.857 0.474 0.269 0.042
53.70 0.038 0.073 0.311 40.78 0.163 2.471 0.463 0.199 0.044
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Table X-j Apatite phenocrysts from Reedsville, PA K-bentonite B-0 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
53.93 0.004   40.69  5.170 0.002 0.013  
54.27 0.013  0.001 41.92  4.100 0.005 0.077 0.246
54.28 0.012  0.001 41.28  4.230 0.001 0.036 0.259
54.05 0.014   41.56  4.040 0.004 0.028 0.325
53.90 0.016   41.66  4.230 0.002 0.002 0.249
54.11 0.027   41.72  4.200 0.003 0.085 0.219
52.81 0.037   40.74  5.290 0.002 0.006 0.555
53.68 0.015   40.93  4.180 0.002 0.003 0.588
53.72 0.018   41.38  4.230 0.002 0.156 0.240
53.58 0.024   41.70  4.380 0.003 0.067 0.306
54.22 0.008   41.82  4.370 0.002 0.006 0.231
54.50 0.025   41.14  4.340 0.003 0.006 0.279
54.31 0.017   41.57  4.230 0.002 0.012 0.255
54.10 0.013  0.001 41.40  4.210 0.001 0.042 0.464
52.88 0.032   40.50  5.170 0.002 0.068 0.481
53.51 0.026 0.073 0.337 40.60 0.230 2.832 0.210 0.193 0.067
 
 
Table X-k Apatite phenocrysts from Union Furnace, PA @ 102 m K-bentonite B-11 
(Reported "B-R" of Thomson, 1963) 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
54.44 0.049 0.072 0.329 41.87 0.235 2.90 0.168 0.171 0.083
54.73 0.080 0.093 0.225 41.90 0.049 2.90 0.297 0.165 0.054
54.55 0.048 0.085 0.275 42.24 0.200 2.18 0.375 0.120 0.081
54.78 0.047 0.076 0.256 42.38 0.126 2.86 0.249 0.175 0.072
54.69 0.088 0.104 0.251 41.44 0.059 3.11 0.208 0.117 0.066
54.08 0.161 0.129 0.233 41.05 0.195 3.20 0.542 0.185 0.115
54.15 0.130 0.172 0.305 41.37 0.223 2.53 0.768 0.222 0.077
54.07 0.072 0.060 0.216 41.48 0.102 2.98 0.210 0.285 0.083
54.79 0.066 0.073 0.239 41.34 0.111 2.92 0.249 0.169 0.068
54.09 0.137 0.176 0.300 41.16 0.219 2.49 0.763 0.226 0.066
54.16 0.044 0.070 0.300 41.74 0.220 2.97 0.219 0.185 0.074
54.64 0.042 0.075 0.250 42.23 0.119 2.78 0.238 0.126 0.069
54.24 0.139 0.101 0.382 41.06 0.361 2.10 0.586 0.244 0.060
53.98 0.040 0.087 0.371 41.30 0.297 2.26 0.409 0.129 0.076
 
 499
 
Table X-l Apatite phenocrysts from Union Furnace, PA K-bentonite B-9 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
54.33 0.020 0.064 0.337 42.40 0.290 2.36 0.196 0.165 0.077
54.11 0.031 0.062 0.375 42.37 0.343 2.21 0.177 0.363 0.065
54.01 0.083 0.078 0.321 42.26 0.213 2.45 0.205 0.144 0.063
54.32 0.022 0.057 0.328 42.51 0.371 2.08 0.162 0.144 0.076
54.13 0.019 0.059 0.341 42.51 0.347 2.23 0.176 0.148 0.076
54.16 0.021 0.063 0.343 42.57 0.325 2.31 0.187 0.144 0.072
54.32 0.024 0.052 0.342 42.54 0.372 2.08 0.163 0.117 0.076
54.39 0.025 0.069 0.326 42.41 0.293 2.40 0.195 0.157 0.076
54.25 0.032 0.066 0.319 42.32 0.246 2.40 0.207 0.158 0.075
54.53 0.025 0.068 0.326 42.87 0.288 2.35 0.199 0.119 0.072
54.11 0.040 0.060 0.333 42.51 0.319 2.23 0.190 0.202 0.068
54.20 0.021 0.060 0.331 42.40 0.338 2.22 0.177 0.138 0.075
54.32 0.022 0.064 0.332 42.46 0.320 2.24 0.182 0.127 0.068
54.11 0.017 0.055 0.331 42.36 0.360 2.10 0.168 0.149 0.070
54.31 0.019 0.064 0.338 42.57 0.312 2.29 0.190 0.152 0.070
54.27 0.029 0.058 0.340 42.60 0.386 2.09 0.158 0.132 0.073
54.19 0.021 0.062 0.332 42.71 0.287 2.41 0.165 0.140 0.068
54.45 0.024 0.060 0.333 42.60 0.352 2.17 0.182 0.118 0.072
54.71 0.024 0.062 0.349 42.95 0.342 2.49 0.184 0.144 0.077
54.38 0.032 0.068 0.338 42.39 0.311 2.39 0.194 0.145 0.070
54.38 0.027 0.067 0.331 42.55 0.257 2.38 0.212 0.185 0.070
54.48 0.018 0.064 0.334 42.52 0.307 2.31 0.190 0.149 0.077
54.68 0.026 0.057 0.337 42.59 0.380 2.31 0.154 0.144 0.077
55.02 0.027 0.061 0.359 43.46 0.340 2.59 0.180 0.127 0.077
54.29 0.037 0.067 0.304 42.21 0.160 2.50 0.304 0.275 0.051
55.04 0.029 0.062 0.345 42.88 0.327 2.48 0.170 0.146 0.081
54.28 0.021 0.063 0.335 42.62 0.351 2.32 0.179 0.162 0.070
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Table X-m Apatite phenocrysts from Union Furnace, PA K-bentonite B-7 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
53.91 0.073 0.067 0.204 41.76 0.074 3.15 0.210 0.130 0.048
53.89 0.078 0.069 0.196 41.76 0.069 3.16 0.207 0.075 0.041
53.72 0.075 0.064 0.211 41.90 0.075 3.22 0.178 0.149 0.045
53.47 0.066 0.144 0.117 41.22 0.018 3.20 0.170 0.153 0.032
53.27 0.074 0.068 0.205 41.35 0.071 3.17 0.214 0.372 0.041
53.87 0.115 0.063 0.188 41.77 0.072 3.23 0.198 0.138 0.054
53.78 0.072 0.075 0.195 41.71 0.057 3.14 0.194 0.159 0.041
53.83 0.074 0.069 0.202 41.81 0.070 3.15 0.210 0.158 0.041
53.83 0.071 0.137 0.117 42.33 0.020 3.24 0.173 0.199 0.035
53.95 0.079 0.068 0.195 41.39 0.065 3.17 0.214 0.141 0.044
53.78 0.081 0.096 0.170 42.18 0.042 2.98 0.212 0.058 0.042
53.74 0.045 0.078 0.312 41.96 0.222 2.55 0.342 0.256 0.068
53.75 0.085 0.063 0.199 41.47 0.068 3.14 0.210 0.160 0.049
53.44 0.073 0.064 0.217 41.31 0.065 3.25 0.176 0.366 0.040
53.53 0.082 0.066 0.199 41.72 0.068 3.29 0.179 0.028 0.041
53.57 0.074 0.070 0.199 42.06 0.059 3.19 0.215 0.250 0.051
53.30 0.056 0.067 0.223 40.99 0.078 3.07 0.191 0.402 0.047
53.74 0.074 0.066 0.197 42.13 0.066 3.13 0.211 0.150 0.040
53.44 0.082 0.071 0.199 42.42 0.066 3.14 0.171 0.077 0.040
53.72 0.072 0.062 0.208 42.34 0.073 3.05 0.213 0.154 0.047
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Table X-n Apatite phenocrysts from Oak Hall, PA K-bentonite B Minus 1 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
55.93 0.027 0.065 0.292 43.11 0.156 2.55 0.306 0.167 0.049
56.12 0.041 0.065 0.254 42.62 0.112 2.82 0.296 0.205 0.044
55.14 0.077 0.149 0.204 42.26  3.19 0.162 0.549 0.041
55.70 0.049 0.070 0.303 43.10 0.134 2.66 0.490 0.253 0.051
54.79 0.026 0.064 0.288 40.14 0.157 2.67 0.275 0.137 0.042
55.19 0.035 0.063 0.250 40.12 0.113 2.86 0.270 0.160 0.042
53.52 0.080 0.146 0.199 39.48  3.33 0.150 0.423 0.028
54.48 0.067 0.061 0.263 39.27 0.120 3.16 0.390 0.156 0.050
54.68 0.037 0.065 0.274 40.64 0.136 2.62 0.314 0.147 0.050
54.75 0.044 0.072 0.288 40.94 0.122 2.66 0.460 0.191 0.046
54.43 0.022 0.074 0.345 39.44 0.203 2.38 0.337 0.258 0.041
55.01 0.026 0.074 0.386 39.63 0.230 1.85 0.174 0.118 0.049
55.05 0.034 0.067 0.307 41.90 0.148 2.82 0.515 0.192 0.041
55.94 0.053 0.067 0.290 42.08 0.134 3.04 0.417 0.106 0.049
55.49 0.032 0.054 0.003 41.15  3.82 0.034 0.156 0.027
55.07 0.040 0.066 0.272 40.74 0.135 2.75 0.325 0.188 0.044
55.07 0.048 0.066 0.239 39.60 0.099 2.45 0.329 0.118 0.051
54.42 0.040 0.072 0.308 39.73 0.150 2.69 0.424 0.193 0.045
55.64 0.037 0.069 0.301 42.39 0.148 2.52 0.480 0.165 0.045
55.32 0.036 0.075 0.325 42.19 0.174 2.38 0.505 0.151 0.042
55.03 0.032 0.074 0.325 42.48 0.180 2.44 0.435 0.122 0.051
55.43 0.067 0.064 0.199 42.40 0.091 3.29 0.290 0.170 0.050
54.94 0.048 0.078 0.344 42.48 0.112 2.26 0.207 0.254 0.054
54.69 0.062 0.072 0.271 42.85 0.106 2.95 0.579 0.184 0.051
55.02 0.045 0.163 0.225 43.07 0.024 2.68 0.439 0.150 0.039
55.85 0.028 0.076 0.307 42.87 0.149 2.46 0.463 0.191 0.048
55.50 0.030 0.073 0.322 42.76 0.164 2.49 0.468 0.193 0.035
55.57 0.044 0.081 0.387 42.76 0.195 2.68 0.522 0.211 0.053
55.75 0.031 0.071 0.312 42.85 0.152 2.46 0.463 0.222 0.042
 
 502
Table X-o Apatite phenocrysts from Tazewell, VA Station 2 @ 24.2 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
53.72 0.034 0.088 0.266 41.88 0.155 2.58 0.364 0.170 0.086
53.67 0.039 0.079 0.333 41.78 0.285 2.18 0.312 0.159 0.065
53.47 0.088 0.087 0.224 41.28 0.065 3.18 0.347 0.189 0.057
53.10 0.028 0.078 0.324 41.79 0.285 2.21 0.305 0.129 0.074
53.22 0.026 0.076 0.320 42.30 0.289 2.26 0.302 0.148 0.073
53.03 0.033 0.077 0.323 41.14 0.282 2.27 0.305 0.149 0.073
52.89 0.040 0.070 0.293 41.87 0.210 2.87 0.240 0.186 0.065
53.06 0.037 0.079 0.331 42.14 0.307 2.30 0.298 0.147 0.075
52.63 0.039 0.085 0.309 41.20 0.237 2.46 0.314 0.141 0.097
52.57 0.024 0.080 0.328 42.06 0.281 2.28 0.312 0.131 0.074
52.74 0.018 0.079 0.328 41.68 0.289 2.25 0.308 0.212 0.074
53.22 0.066 0.085 0.296 42.74 0.156 2.76 0.381 0.137 0.069
 
 
Table X-p Apatite phenocrysts from Tazewell, VA Station 2 @ 20.7 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
53.12 0.033 0.065 0.281 41.77 0.223 2.88 0.146 0.180 0.073
53.59 0.041 0.074 0.287 41.39 0.191 3.01 0.157 0.063 0.075
52.86 0.028 0.060 0.301 41.17 0.323 2.52 0.133 0.164 0.080
53.62 0.056 0.072 0.232 42.82 0.135 3.07 0.156 0.083 0.085
52.55 0.052 0.080 0.271 41.07 0.166 3.07 0.158 0.176 0.078
52.80 0.058 0.060 0.293 41.13 0.314 2.46 0.136 0.173 0.087
53.33 0.049 0.064 0.275 41.79 0.214 2.91 0.149 0.167 0.069
52.91 0.053 0.079 0.307 41.94 0.220 2.96 0.156 0.241 0.080
53.05 0.039 0.065 0.276 41.75 0.221 2.84 0.144 0.181 0.075
52.48 0.047 0.087 0.293 40.67 0.172 2.98 0.156 0.259 0.066
53.62 0.056 0.074 0.260 42.01 0.168 2.78 0.145 0.138 0.072
 
 
Table X-q Apatite phenocrysts from Tazewell, VA Station 2 @ 18.5 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
52.86 0.076 0.125 0.114 41.15 0.021 2.75 0.384 0.041 0.042
52.36 0.124 0.073 0.168 40.36 0.076 3.22 0.332 0.226 0.051
52.52 0.073 0.079 0.215 40.06 0.070 3.37 0.208 0.321 0.066
53.11 0.077 0.083 0.229 41.19 0.069 3.17 0.241 0.132 0.055
53.00 0.123 0.133 0.185 42.42 0.053 3.19 0.348 0.082 0.058
53.93 0.034 0.058 0.094 41.07 0.033 3.18 0.423 0.116 0.077
53.23 0.113 0.142 0.178 42.22 0.036 2.74 0.362 0.209 0.056
52.79 0.125 0.417 0.187 40.79 0.024 3.14 0.914 0.152 0.092
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Table X-r Apatite phenocrysts from Tazewell, VA @ 35.25 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
52.47 0.025 0.083 0.348 40.73 0.316 2.23 0.302 0.166 0.080
52.89 0.027 0.086 0.345 40.62 0.288 2.26 0.341 0.188 0.073
53.08 0.035 0.085 0.310 40.74 0.230 2.55 0.339 0.229 0.074
52.49 0.027 0.087 0.333 41.15 0.270 2.26 0.344 0.145 0.078
52.45 0.030 0.080 0.337 41.03 0.302 2.21 0.360 0.143 0.083
51.92 0.025 0.083 0.335 40.37 0.286 2.31 0.320 0.149 0.076
52.14 0.036 0.087 0.326 41.09 0.244 2.36 0.363 0.157 0.079
52.59 0.029 0.087 0.333 40.84 0.312 2.35 0.354 0.123 0.079
52.91 0.028 0.085 0.333 40.73 0.282 2.32 0.334 0.146 0.083
52.90 0.041 0.080 0.333 40.69 0.266 2.51 0.321 0.125 0.074
 
 
Table X-s Apatite phenocrysts from Tazewell, VA @ 32 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
53.20 0.040 0.083 0.311 40.41 0.229 2.52 0.309 0.129 0.078
53.41 0.099 0.089 0.220 40.20 0.067 3.34 0.326 0.229 0.053
53.58 0.083 0.086 0.220 39.44 0.068 3.33 0.322 0.289 0.061
53.96 0.086 0.082 0.220 39.55 0.065 3.27 0.329 0.218 0.114
53.64 0.039 0.094 0.294 40.17 0.150 2.71 0.253 0.153 0.076
53.84 0.082 0.090 0.223 40.03 0.067 2.32 0.320 0.206 0.061
53.00 0.093 0.086 0.221 39.41 0.069 3.33 0.316 0.172 0.057
53.69 0.037 0.076 0.324 39.48 0.279 3.27 0.294 0.131 0.070
53.94 0.026 0.084 0.308 39.24 0.215 2.64 0.294 0.213 0.073
53.06 0.029 0.079 0.323 40.04 0.289 2.36 0.300 0.140 0.072
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Table X-t Apatite phenocrysts from Tazewell, VA @ 26 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
52.93 0.052 0.069 0.252 39.07 0.174 3.20 0.176 0.151 0.073
52.73 0.059 0.073 0.219 38.86 0.081 3.30 0.138 0.423 0.074
53.09 0.032 0.065 0.299 39.28 0.278 2.66 0.153 0.156 0.074
52.65 0.066 0.075 0.267 39.14 0.149 3.21 0.145 0.252 0.070
53.06 0.074 0.075 0.203 40.23 0.060 3.55 0.114 0.174 0.062
53.03 0.035 0.075 0.263 40.19 0.170 2.88 0.147 0.181 0.072
52.80 0.073 0.072 0.208 40.29 0.093 3.20 0.175 0.189 0.059
53.97 0.021 0.051 0.014 40.37  3.16 0.078 0.034 0.076
53.57 0.049 0.055 0.104 40.11 0.013 3.47 0.107 0.175 0.063
53.78 0.076 0.069 0.208 40.38 0.076 3.39 0.135 0.059 0.067
53.27 0.052 0.067 0.245 41.54 0.157 3.48 0.173 0.159 0.074
53.16 0.057 0.071 0.218 40.77 0.079 3.45 0.137 0.431 0.070
53.22 0.037 0.067 0.297 41.44 0.282 2.75 0.150 0.170 0.076
53.36 0.072 0.073 0.207 41.82 0.060 3.89 0.111 0.200 0.070
53.17 0.062 0.071 0.265 40.98 0.148 3.28 0.142 0.262 0.069
53.51 0.032 0.073 0.266 41.74 0.165 3.01 0.146 0.191 0.077
53.29 0.075 0.074 0.209 41.15 0.088 3.21 0.172 0.182 0.058
53.69 0.016 0.054 0.015 41.65  3.60 0.082 0.076 0.081
52.95 0.073 0.069 0.205 41.25 0.078 3.35 0.128 0.095 0.067
53.17 0.050 0.055 0.108 41.84 0.015 3.52 0.101 0.156 0.062
 
 
Table X-u Apatite phenocrysts from Tazewell, VA @ 25.7 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
52.96 0.055 0.075 0.211 41.64 0.076 3.26 0.139 0.252 0.064
53.28 0.026 0.075 0.270 41.60 0.167 2.88 0.141 0.279 0.117
53.09 0.053 0.120 0.015 40.92 0.002 3.76 0.072 0.648 0.093
54.93 0.006 0.023 0.006 42.81  3.12 0.057 0.017 0.103
53.60 0.042 0.068 0.287 41.54 0.225 2.78 0.127 0.218 0.069
54.21 0.009 0.006 0.006 41.56 0.000 4.05 0.011 0.153 0.055
54.01 0.006 0.052 0.049 42.04 0.003 3.86 0.239 0.139 0.044
52.62 0.131 0.124 0.010 38.80  3.90 0.046 0.986 0.071
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Table X-v Apatite phenocrysts from Tazewell, VA @ 5.4 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
51.67 0.167 0.203 0.896 40.92 0.291 3.13 0.178 0.240 0.065
52.26 0.166 0.191 0.562 40.13 0.071 3.19 0.152 0.181 0.075
53.05 0.067 0.081 0.366 39.94 0.169 2.36 0.178 0.188 0.076
50.32 0.139 0.183 0.906 37.68 0.136 3.07 0.167  0.064
54.45 0.020 0.042 0.053 40.63 0.006 3.33 0.019 0.056 0.067
52.71 0.107 0.095 0.442 40.12 0.171 3.00 0.114 0.175 0.077
52.74 0.072 0.053 0.272 40.02 0.147 2.87 0.126 0.231 0.060
52.38 0.132 0.096 0.374 39.47 0.101 3.01 0.161 0.305 0.060
52.66 0.093 0.048 0.223 39.73 0.080 3.17 0.101 0.337 0.062
52.82 0.032 0.049 0.316 40.04 0.238 2.48 0.091 0.229 0.066
 
 
Table X-w Apatite phenocrysts from Tazewell, VA @ 0 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
52.61 0.085 0.059 0.214 40.67 0.107 3.28 0.266 0.163 0.060
52.70 0.064 0.062 0.203 40.03 0.102 3.31 0.298 0.261 0.058
53.14 0.052 0.061 0.281 40.29 0.164 3.17 0.129 0.125 0.081
52.70 0.079 0.070 0.179 40.00 0.081 3.10 0.349 0.222 0.060
52.15 0.157 0.349 0.217 40.44 0.063 2.55 0.386 0.017 0.075
52.40 0.186 0.318 0.209 40.22 0.072 2.73 0.282 0.083 0.079
52.31 0.171 0.283 0.204 40.68 0.084 2.43 0.443 0.157 0.072
52.89 0.070 0.062 0.208 40.90 0.118 3.21 0.284 0.247 0.064
53.50 0.089 0.061 0.206 40.97 0.119 3.24 0.275 0.172 0.066
52.84 0.071 0.069 0.177 41.05 0.100 3.08 0.371 0.092 0.054
 
 
Table X-x Apatite phenocrysts from Strasburg, VA @ 76.72 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
54.48  0.062 0.139 41.90 0.010 2.69 0.011 0.340 0.074
53.27 0.066 0.013 0.027 40.70 0.002 3.70 0.013 0.769 0.020
54.56  0.003  41.63  4.09   0.494
54.57 0.008  0.002 41.74 0.005 3.93 0.001 0.020 0.259
54.35 0.014   42.62  4.00  0.005 0.397
54.05 0.006 0.039 0.001 41.14  3.04 0.026 0.432 0.076
54.25 0.008 0.002 0.052 42.05 0.037 4.30  0.059 0.446
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Table X-y Apatite phenocrysts from Strasburg, VA K-bentonite B-7 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
52.95  0.007  41.16 0.002 6.19 0.004   
52.64 0.008 0.026  40.86  6.59 0.002   
52.85  0.020  41.62  6.76 0.003   
52.90 0.029   41.42 0.016 5.40 0.005   
52.77  0.027  41.26  6.09 0.003   
52.77 0.028 0.008  41.56  4.62 0.006   
52.28 0.006   41.37  6.12 0.006   
52.78 0.011 0.003  41.28  6.05 0.007   
55.32 0.020   40.14  5.00 0.002 0.006 0.685
55.73 0.007 0.001 0.000 41.73  4.19 0.001 0.004 0.701
54.86 0.013  0.000 40.41  5.03 0.003 0.007 0.894
55.00 0.005 0.001  40.17  4.83 0.002 0.004 0.803
54.87 0.019   40.76  4.39 0.003 0.003 0.653
54.74 0.010 0.001  39.83  4.58 0.006 0.002 0.833
54.82   0.001 40.24  4.74 0.004 0.006 0.782
54.84 0.025   40.01  4.47 0.005 0.004 0.520
54.75 0.014   40.33  5.46 0.002 0.013 0.676
 
 
Table X-z Apatite phenocrysts from Strasburg, VA @ 72 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
54.17 0.011 0.001  42.08 0.001 4.51 0.001  0.537
54.68    42.32 0.001 4.88   0.908
54.10 0.025   41.73  4.67   0.455
54.60 0.014 0.004  42.00 0.001 4.12 0.004  0.566
54.01 0.052 0.075 0.244 41.61 0.082 2.91 0.206 0.305 0.063
54.00 0.010   42.15 0.001 4.74 0.000  0.768
54.89 0.005 0.005  42.53  4.04   0.685
54.43 0.018 0.006 0.019 41.83  4.90 0.002  0.212
53.86 0.033 0.077 0.321 41.75 0.208 2.73 0.185 0.169 0.073
54.97 0.005  0.004 42.96 0.002 4.08   0.311
54.86 0.011   42.14  4.34   0.678
53.49 0.035 0.033 0.044 40.34 0.006 4.11 0.039 0.845 0.051
54.73    42.23 0.001 4.16 0.003  0.578
55.19 0.008  0.008 43.04 0.005 4.68 0.001 0.036 0.332
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Table X-aa Apatite phenocrysts from Strasburg, VA @ 64.87 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
53.88 0.066 0.079 0.280 42.34 0.069 4.00 0.265 0.162 0.068
52.54 0.218 0.203 0.643 41.53 0.177 3.37 0.323 0.231 0.027
54.36 0.045 0.082 0.288 42.33 0.140 4.09 0.104 0.178 0.063
53.83 0.075 0.099 0.295 42.04 0.071 3.93 0.181 0.239 0.051
54.44 0.057 0.066 0.261 42.21 0.140 2.98 0.235 0.183 0.065
53.75 0.073 0.086 0.389 42.38 0.105 2.95 0.262 0.279 0.086
54.19 0.039 0.075 0.326 42.09 0.165 2.88 0.229 0.199 0.077
53.52 0.042 0.086 0.345 41.65 0.159 3.96 0.296 0.426 0.065
53.95 0.056 0.099 0.244 41.79 0.068 2.84 0.279 0.245 0.063
53.85 0.048 0.075 0.297 42.30 0.212 2.77 0.228 0.143 0.077
53.95 0.054 0.073 0.292 42.43 0.184 2.98 0.192 0.164 0.081
54.24 0.070 0.093 0.242 42.39 0.071 2.91 0.271 0.115 0.064
53.82 0.055 0.085 0.245 42.60 0.149 4.02 0.181 0.170 0.065
53.54 0.055 0.092 0.243 42.06 0.072 2.98 0.273 0.254 0.056
53.75 0.049 0.080 0.294 41.90 0.186 3.24 0.230 0.213 0.066
53.81 0.047 0.070 0.306 42.08 0.233 2.64 0.236 0.144 0.077
54.05 0.058 0.113 0.238 42.65 0.043 2.87 0.418 0.159 0.060
52.40 0.203 0.141 0.622 41.42 0.233 3.63 0.295 0.245 0.045
 
 
Table X-ab Apatite phenocrysts from Strasburg, VA @ 59.87 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
54.09 0.041 0.067 0.318 41.37 0.323 2.55 0.192 0.145 0.074
53.94 0.034 0.062 0.328 41.13 0.331 2.56 0.193 0.130 0.071
54.17 0.042 0.070 0.303 41.31 0.238 3.01 0.222 0.153 0.068
54.07 0.034 0.068 0.315 42.37 0.259 2.59 0.235 0.129 0.077
53.86 0.060 0.064 0.320 40.99 0.299 2.67 0.201 0.122 0.104
53.89 0.039 0.065 0.318 41.80 0.261 2.67 0.225 0.127 0.067
53.68 0.027 0.066 0.319 41.57 0.321 2.65 0.200 0.161 0.065
53.61 0.049 0.067 0.285 41.79 0.222 3.01 0.219 0.148 0.076
53.91 0.054 0.062 0.255 42.10 0.192 2.95 0.195 0.158 0.113
54.42 0.032 0.065 0.323 41.97 0.317 2.38 0.197 0.145 0.076
53.80 0.027 0.065 0.324 41.67 0.311 2.60 0.201 0.151 0.082
53.71 0.031 0.063 0.334 41.88 0.323 2.44 0.192 0.155 0.068
54.29 0.055 0.075 0.280 41.81 0.191 2.81 0.256 0.137 0.073
54.03 0.039 0.070 0.316 42.42 0.227 2.79 0.224 0.168 0.087
53.78 0.018 0.066 0.345 41.89 0.326 2.51 0.200 0.318 0.073
53.78 0.036 0.065 0.332 41.37 0.296 2.44 0.182 0.483 0.080
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Table X-ac Apatite phenocrysts from Strasburg, VA @ 49.97 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
53.87 0.047 0.072 0.272 41.68 0.168 3.07 0.146 0.131 0.062
53.54 0.039 0.074 0.259 41.31 0.168 2.91 0.144 0.204 0.081
54.06 0.084 0.077 0.197 41.87 0.062 3.37 0.130 0.012 0.050
53.88 0.069 0.073 0.261 41.44 0.112 3.32 0.104 0.157 0.059
53.90 0.056 0.078 0.298 42.00 0.177 3.28 0.120 0.153 0.078
53.63 0.054 0.071 0.223 42.27 0.098 3.07 0.137 0.176 0.069
53.52 0.089 0.070 0.265 41.76 0.158 3.16 0.144 0.151 0.081
53.72 0.051 0.073 0.277 42.03 0.162 3.05 0.150 0.168 0.071
53.85 0.051 0.077 0.293 41.27 0.192 3.08 0.152 0.158 0.071
53.56 0.078 0.076 0.214 41.50 0.075 3.42 0.110 0.207 0.058
53.80 0.056 0.073 0.293 41.60 0.188 3.11 0.150 0.163 0.065
53.71 0.058 0.076 0.302 41.65 0.191 3.14 0.155 0.181 0.071
53.43 0.067 0.075 0.278 41.06 0.201 2.82 0.194 0.282 0.053
53.63 0.052 0.074 0.297 41.70 0.196 3.08 0.153 0.192 0.070
 
 
Table X-ad Apatite phenocrysts from Strasburg, VA K-bentonite B-3 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
54.78 0.040 0.075 0.312 40.68 0.156 2.58 0.463 0.165 0.039
55.00 0.040 0.076 0.308 40.23 0.155 2.59 0.445 0.121 0.044
55.04 0.155 0.096 0.010 40.85  4.60 0.004 0.113 0.230
54.48 0.052 0.071 0.304 41.27 0.147 2.58 0.464 0.181 0.051
54.83 0.070 0.072 0.231 40.10 0.018 3.25 0.167 0.151 0.046
54.53 0.036 0.070 0.331 40.94 0.184 2.52 0.366 0.133 0.048
54.61 0.047 0.065 0.271 40.58 0.139 2.79 0.332 0.165 0.058
54.19 0.039 0.072 0.310 40.78 0.151 2.66 0.407 0.187 0.047
54.58 0.035 0.074 0.309 40.47 0.153 2.53 0.490 0.246 0.041
54.62 0.031 0.071 0.331 40.57 0.175 2.49 0.452 0.255 0.039
55.23 0.036 0.073 0.308 41.48 0.158 2.49 0.470 0.129 0.041
55.27 0.023 0.073 0.318 41.38 0.177 2.42 0.425 0.128 0.048
54.75 0.036 0.085 0.353 41.31 0.211 2.23 0.273 0.259 0.055
54.40 0.029 0.070 0.333 40.28 0.199 2.44 0.420 0.223 0.041
54.90 0.044 0.071 0.308 41.28 0.158 2.60 0.520 0.166 0.047
55.28 0.044 0.074 0.243 41.44 0.073 2.66 0.291 0.277 0.072
54.25 0.046 0.067 0.267 39.92 0.134 3.11 0.329 0.198 0.042
54.23 0.033 0.074 0.318 40.61 0.168 2.51 0.474 0.158 0.051
54.44 0.042 0.069 0.283 41.28 0.163 2.93 0.309 0.131 0.048
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Table X-ae Apatite phenocrysts from Strasburg, VA @ 13.71 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
54.21 0.013 0.001  41.95 0.007 4.91  0.093 0.204
54.21 0.042 0.057 0.176 42.08 0.055 3.31 0.239 0.109 0.140
54.19 0.038 0.001  41.80 0.001 4.60 0.003 0.004 0.553
54.63 0.012   42.20 0.006 5.00  0.099 0.244
54.25 0.017   42.21 0.003 5.25  0.003 0.959
54.40  0.040 0.015 41.90  2.93 0.011 0.249 0.073
53.91 0.014   41.60  4.83 0.003 0.001 0.210
53.56 0.052 0.101 0.323 41.74 0.100 2.88 0.429 0.231 0.043
53.86 0.062 0.096 0.318 42.36 0.097 2.80 0.412 0.174 0.050
54.16 0.035   41.80 0.004 5.19   0.134
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Table X-af Apatite phenocrysts from Davis Cross Road, GA @ 25.25 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SrO 
55.22 0.057 0.101 0.167 42.13 0.020 3.04 0.197 0.048 
55.09 0.081 0.102 0.168 41.90 0.018 3.07 0.197 0.063 
54.97 0.056 0.092 0.171 41.94 0.021 3.07 0.200 0.050 
55.15 0.057 0.102 0.161 42.25 0.018 3.01 0.195 0.042 
55.00 0.056 0.097 0.174 42.02 0.020 3.04 0.201 0.048 
55.22 0.057 0.098 0.168 42.25 0.020 3.00 0.198 0.044 
54.85 0.060 0.099 0.172 41.85 0.021 3.03 0.196 0.046 
55.11 0.057 0.094 0.169 42.02 0.019 3.12 0.195 0.045 
55.04 0.058 0.094 0.174 41.99 0.020 2.97 0.195 0.048 
55.25 0.059 0.104 0.172 42.40 0.020 2.97 0.189 0.038 
54.98 0.057 0.097 0.168 42.17 0.020 2.98 0.199 0.043 
55.13 0.059 0.103 0.173 42.04 0.020 3.06 0.197 0.055 
54.85 0.054 0.104 0.169 42.30 0.019 3.02 0.197 0.043 
55.03 0.056 0.098 0.167 42.13 0.023 2.91 0.197 0.049 
55.02 0.050 0.093 0.171 41.70 0.019 2.98 0.201 0.049 
54.97 0.052 0.095 0.168 42.09 0.021 3.08 0.202 0.037 
55.00 0.056 0.094 0.171 42.18 0.022 2.99 0.199 0.048 
55.04 0.061 0.095 0.169 41.90 0.020 3.01 0.197 0.049 
54.93 0.058 0.099 0.177 41.85 0.019 3.08 0.206 0.050 
55.20 0.059 0.101 0.166 42.13 0.019 3.08 0.191 0.048 
55.38 0.063 0.098 0.165 41.90 0.018 2.99 0.193 0.055 
55.00 0.057 0.097 0.173 41.97 0.018 3.04 0.201 0.048 
54.77 0.058 0.100 0.177 42.10 0.020 4.35 0.195 0.045 
54.11 0.117  0.607 41.94 0.093 2.99 0.165 0.044 
55.05 0.057 0.099 0.172 42.01 0.026 2.99 0.200 0.046 
54.55  0.071 0.333 41.55 0.198 2.28 0.142 0.067 
 
 511
 
Table X-ag Apatite phenocrysts from Davis Cross Road, GA @ 15.25 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SrO 
54.45 0.044 0.094 0.351 41.78 0.237 2.34 0.586 0.071 
54.58 0.050 0.103 0.341 41.97 0.184 2.45 0.572 0.070 
54.68 0.053 0.094 0.343 41.80 0.189 2.39 0.567 0.081 
54.52 0.054 0.079 0.332 42.04 0.219 2.50 0.608 0.070 
54.47 0.044 0.071 0.374 41.77 0.325 2.29 0.568 0.073 
54.70 0.040 0.063 0.370 41.85 0.366 2.11 0.472 0.071 
54.57 0.048 0.071 0.365 41.90 0.307 2.25 0.546 0.067 
54.49 0.045 0.074 0.360 41.92 0.291 2.33 0.548 0.069 
54.45 0.031 0.060 0.359 42.01 0.358 2.20 0.503 0.075 
54.46 0.029 0.066 0.368 42.04 0.347 2.15 0.518 0.075 
54.48 0.094 0.072 0.261 41.54 0.195 2.67 0.580 0.057 
54.62 0.040 0.079 0.352 41.97 0.245 2.44 0.636 0.072 
54.28 0.028 0.065 0.404 41.53 0.345 2.20 0.510 0.070 
54.64 0.040 0.074 0.357 41.97 0.288 2.33 0.610 0.070 
54.64 0.034 0.069 0.372 41.93 0.341 2.18 0.546 0.073 
54.50 0.046 0.074 0.370 41.77 0.297 2.37 0.619 0.068 
54.68 0.032 0.067 0.357 41.85 0.329 2.26 0.523 0.072 
54.55 0.048 0.070 0.347 41.73 0.269 2.41 0.647 0.077 
54.47 0.029 0.068 0.374 41.74 0.356 2.10 0.494 0.065 
54.40 0.036 0.071 0.361 41.60 0.308 2.30 0.581 0.083 
54.60 0.047 0.072 0.366 42.02 0.352 2.13 0.498 0.073 
54.54 0.034 0.068 0.367 42.02 0.334 2.24 0.522 0.071 
54.54 0.083 0.082 0.275 41.54 0.183 2.52 0.678 0.065 
54.44 0.056 0.079 0.360 41.82 0.248 2.44 0.641 0.068 
54.59 0.041 0.070 0.376 41.89 0.342 2.18 0.518 0.071 
54.56 0.044 0.066 0.367 42.21 0.334 2.19 0.533 0.078 
 0.052 0.075 0.360  0.272  0.634 0.070 
54.32 0.076 0.088 0.343 41.70 0.184 2.63 0.643 0.067 
54.62 0.053 0.083 0.355 41.93 0.233 2.47 0.635 0.076 
54.65 0.054 0.061 0.366 41.94 0.349 2.15 0.501 0.074 
54.73 0.042 0.070 0.360 41.65 0.323 2.27 0.548 0.072 
53.13 0.065 0.071 0.418 40.76 0.325 2.24 0.584 0.068 
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Table X-ah Apatite phenocrysts from Davis Cross Road, GA @ 12.55 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SrO 
53.55 0.019 0.060 0.312 41.84 0.196 2.48 0.147 0.051 
53.59 0.019 0.062 0.301 42.15 0.197 2.48 0.146 0.053 
53.35 0.045 0.061 0.361 41.78 0.276 2.94 0.194 0.052 
53.44 0.021 0.060 0.311 41.92 0.208 2.30 0.146 0.053 
53.49 0.031 0.065 0.330 41.89 0.145 2.33 0.171 0.057 
53.49 0.037 0.070 0.311 41.57 0.140 2.78 0.163 0.059 
53.61 0.128 0.052 0.093 41.59 0.002 3.90 0.013 0.023 
53.79 0.055 0.098 0.170 41.90 0.019 3.04 0.191 0.036 
 
 
Table X-ai Apatite phenocrysts from Davis Cross Road, GA @ 5.8 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SrO 
53.59 0.068 0.079 0.345 42.28 0.162 2.90 0.290 0.058 
53.45 0.076 0.066 0.303 42.02 0.171 2.65 0.248 0.043 
53.68 0.047 0.072 0.308 42.23 0.174 2.63 0.251 0.057 
53.53 0.062 0.062 0.254 42.11 0.155 2.97 0.157 0.061 
53.50 0.049 0.063 0.306 42.18 0.177 2.63 0.245 0.059 
53.77 0.052 0.063 0.284 42.08 0.151 2.80 0.252 0.057 
53.75 0.056 0.050 0.215 42.10 0.120 3.13 0.186 0.061 
53.71 0.051 0.063 0.299 42.34 0.171 2.65 0.247 0.054 
53.66 0.046 0.064 0.294 42.37 0.174 2.59 0.247 0.060 
53.78 0.058 0.069 0.294 42.07 0.158 2.77 0.267 0.061 
53.90 0.037 0.066 0.312 41.90 0.177 2.58 0.248 0.050 
53.13 0.058 0.054 0.216 41.55 0.109 3.12 0.193 0.053 
53.29 0.030 0.069 0.332 41.60 0.182 2.60 0.252 0.053 
53.88 0.066 0.053 0.205 42.38 0.103 3.19 0.175 0.056 
53.60 0.043 0.067 0.313 42.30 0.181 2.57 0.245 0.051 
53.80 0.074 0.060 0.243 41.96 0.146 2.94 0.165 0.068 
53.30 0.095 0.082 0.276 42.04 0.086 3.17 0.184 0.062 
53.62 0.040 0.065 0.312 41.84 0.174 2.67 0.253 0.055 
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Table X-aj Apatite phenocrysts from Davis Cross Road, GA @ 2 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SrO 
53.20 0.058 0.061 0.196 41.17 0.088 3.02 0.338 0.052 
53.92 0.065 0.061 0.246 42.23 0.095 3.03 0.317 0.057 
54.25 0.042 0.065 0.017 42.17 0.002 3.42 0.041 0.059 
53.70 0.065 0.058 0.198 42.06 0.098 3.07 0.293 0.058 
54.33 0.035 0.040 0.023 42.32 0.001 3.17 0.064 0.057 
53.84 0.061 0.059 0.203 41.78 0.097 3.05 0.307 0.056 
53.51 0.058 0.063 0.197 41.79 0.091 3.08 0.326 0.054 
53.57 0.059 0.063 0.188 41.60 0.075 2.94 0.383 0.053 
53.74 0.070 0.057 0.191 41.82 0.095 3.08 0.307 0.049 
53.80 0.005 0.059 0.025 41.59  3.40 0.119 0.091 
53.72 0.061 0.062 0.189 41.89 0.088 3.02 0.330 0.049 
53.95 0.061 0.060 0.183 41.71 0.088 3.01 0.331 0.055 
53.52 0.063 0.059 0.187 41.70 0.082 3.00 0.336 0.059 
53.70 0.065 0.060 0.199 42.17 0.097 3.09 0.309 0.045 
53.79 0.063  0.135 42.02 0.017 3.03 0.196 0.046 
53.71 0.061 0.066 0.189 41.81 0.089 3.00 0.328 0.059 
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Table X-ak Apatite phenocrysts from Oregon Road, KY @ 0.35 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
54.36 0.026 0.071 0.326 41.06 0.291 2.31 0.264 0.109 0.067
53.82 0.069  0.141 40.58 0.017 3.15 0.183 0.238 0.046
53.74 0.023 0.084 0.328 41.46 0.266 2.18 0.324 0.142 0.081
53.74 0.037 0.083 0.359 41.11 0.282 2.35 0.503 0.131 0.077
53.92 0.025 0.093 0.349 41.41 0.323 2.19 0.279 0.136 0.082
53.67 0.033 0.080 0.295 40.92 0.176 2.75 0.290 0.125 0.080
53.15 0.039 0.095 0.298 40.83 0.218 2.37 0.475 0.184 0.076
52.45 0.083 0.073 0.338 40.13 0.277 2.30 0.574 0.407 0.061
53.59 0.056 0.093 0.206 41.19 0.042 3.08 0.186 0.098 0.055
 
Table X-al Apatite phenocrysts from Oregon Road, KY @ Minus 1.21 m 
CaO  Na2O  MnO FeO P2O5 MgO F  Cl  SiO2  SrO 
53.21 0.034 0.071 0.303 41.29 0.172 2.78 0.301 0.157 0.043
53.21 0.046 0.067 0.263 40.80 0.125 2.95 0.307 0.200 0.042
52.52 0.071  0.213 40.27 0.045 2.86 0.382 0.151 0.038
52.81 0.038 0.068 0.265 39.93 0.124 2.96 0.312 0.196 0.050
52.39 0.028 0.068 0.319 40.78 0.181 2.53 0.258 0.237 0.055
52.08 0.032 0.067 0.295 40.50 0.156 2.65 0.300 0.190 0.044
52.30 0.048 0.069 0.278 41.18 0.126 2.83 0.317 0.297 0.047
52.19 0.055 0.070 0.256 41.01 0.116 2.90 0.312 0.166 0.048
51.19 0.030 0.068 0.295 39.33 0.158 2.69 0.298 0.227 0.040
51.08 0.034 0.066 0.328 39.12 0.215 2.41 0.255 0.200 0.046
51.11 0.026 0.068 0.314 40.20 0.192 2.75 0.284 0.212 0.050
51.09 0.055 0.063 0.281 39.80 0.096 2.77 0.336 0.225 0.036
50.58 0.052 0.065 0.254 39.43 0.110 2.91 0.321 0.192 0.040
51.41 0.038 0.078 0.288 39.34 0.152 2.85 0.295 0.208 0.076
51.38 0.050 0.070 0.287 39.30 0.145 2.70 0.293 0.145 0.050
51.36 0.043 0.066 0.297 39.99 0.163 2.50 0.288 0.140 0.053
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Table X-am Apatite phenocrysts from Quisenberry Road, KY 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
53.06 0.032 0.139 0.236 41.29 0.175 2.79 0.348 0.258 0.063
53.15 0.038 0.121 0.215 42.58 0.114 2.87 0.606 0.012 0.059
52.66 0.076 0.120 0.228 40.96 0.120 2.73 0.638 0.320 0.054
52.37 0.079 0.121 0.226 41.92 0.119 2.78 0.633 0.304 0.062
51.87 0.086 0.128 0.241 41.58 0.119 2.79 0.638 0.350 0.054
52.70 0.024 0.123 0.192 42.85 0.107 2.65 0.622 0.080 0.059
52.49 0.033 0.171 0.308 41.62 0.217 2.31 0.783 0.214 0.058
52.60 0.090 0.128 0.232 42.42 0.117 2.74 0.515 0.226 0.059
52.25 0.110 0.124 0.232 41.67 0.121 2.75 0.652 0.308 0.056
52.22 0.046 0.122 0.223 40.27 0.125 2.93 0.621 0.277 0.058
52.60 0.055 0.129 0.214 41.38 0.121 2.77 0.638 0.298 0.055
53.50  0.119 0.387 41.98 0.254 2.21 0.643 0.141 0.050
53.58 0.078 0.124 0.216 41.59 0.125 2.84 0.636 0.287 0.059
52.17 0.067 0.125 0.218 41.52 0.122 2.68 0.638 0.369 0.053
53.11  0.127 0.244 40.69 0.136 2.85 0.665 0.408 0.068
53.27  0.126 0.235 41.55 0.128 2.85 0.675 0.323 0.063
53.11  0.129 0.238 41.22 0.128 2.82 0.669 0.356 0.063
53.68 0.115 0.126 0.214 40.98 0.119 2.95 0.668 0.037 0.066
53.79 0.074 0.119 0.197 40.94 0.109 2.78 0.672 0.054 0.052
53.81 0.021 0.146 0.332 42.01 0.154 2.47 0.701 0.129 0.049
53.91 0.116 0.176 0.234 41.85 0.132 2.56 0.596 0.195 0.064
53.44 0.027 0.154 0.314 41.63 0.119 2.52 0.772 0.150 0.051
53.17 0.095 0.178 0.319 41.12 0.231 2.44 0.821 0.237 0.063
53.48 0.163 0.134 0.250 40.65 0.133 2.86 0.671 0.287 0.066
53.85 0.133 0.144 0.230 41.94 0.127 2.66 0.690 0.242 0.060
53.13 0.086 0.130 0.227 41.30 0.133 2.77 0.660 0.445 0.062
53.91 0.033 0.119 0.335 41.92 0.235 2.26 0.541 0.148 0.051
53.99 0.075 0.125 0.203 41.93 0.133 2.93 0.507 0.018 0.059
51.82 0.074 0.131 0.235 41.20 0.133 2.64 0.491 0.025 0.060
51.48 0.114 0.132 0.251 39.90 0.141 2.73 0.625 0.299 0.051
51.64 0.151 0.138 0.247 40.45 0.134 2.59 0.461 0.207 0.054
50.90 0.143 0.186 0.261 39.22 0.147 2.62 0.463 0.177 0.058
 
 
Table X-an Apatite phenocrysts from Sleepy Hollow, KY 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
51.55 0.163 0.128 0.235 40.53 0.135 2.58 0.648 0.239 0.050
51.51 0.161 0.131 0.237 40.63 0.140 2.61 0.629 0.245 0.054
 
 516
 
Table X-ao Apatite phenocrysts from the "Lowville" K-bentonite, Mill Creek, Lowville, 
NY 
CaO  Na2O  MnO FeO P2O5 MgO F  Cl  SiO2  SrO 
52.51 0.070 0.142 0.251 40.39 0.059 3.010 0.649 0.137 0.102
52.68 0.056 0.127 0.248 40.16 0.053 2.855 0.668 0.288 0.053
52.86 0.072 0.138 0.252 40.46 0.054 3.020 0.655 0.241 0.094
52.90 0.055 0.135 0.255 39.16 0.058 2.945 0.657 0.291 0.140
53.32 0.067 0.131 0.236 40.47 0.055 2.817 0.647 0.118 0.053
52.16 0.058 0.142 0.267 40.16 0.057 2.976 0.678 0.379 0.091
52.65 0.058 0.137 0.258 40.32 0.055 2.801 0.662 0.304 0.052
53.43 0.064 0.133 0.246 40.18 0.055 2.870 0.645 0.370 0.056
53.81 0.052 0.134 0.251 39.71 0.049 2.903 0.654 0.191 0.051
52.53 0.064 0.136 0.257 39.01 0.052 2.905 0.657 0.322 0.042
52.37 0.054 0.132 0.248 39.93 0.054 2.905 0.650 0.253 0.043
52.49 0.060 0.138 0.260 39.94 0.053 2.765 0.675 0.281 0.054
52.95 0.056 0.137 0.249 40.18 0.053 2.858 0.654 0.271 0.045
52.69 0.055 0.133 0.256 39.53 0.056 2.756 0.665 0.259 0.045
52.90 0.057 0.143 0.260 40.36 0.051 2.940 0.662 0.269 0.060
52.64 0.066 0.131 0.247 40.33 0.052 2.894 0.642 0.135 0.047
 
Table X-ap Apatite phenocrysts from the "Titus Ash" K-bentonite, Mill Creek, Lowville, 
NY 
CaO  Na2O  MnO FeO P2O5 MgO F  Cl  SiO2  SrO 
53.65 0.167 0.194 0.135 40.36 0.043 2.598 0.850 0.238 0.066
53.49 0.193 0.198 0.139 40.42 0.043 2.670 0.847 0.328 0.089
53.45 0.109 0.191 0.128 40.61 0.040 2.694 0.805 0.326 0.058
54.11 0.108 0.194 0.136 41.02 0.041 2.597 0.835 0.296 0.066
53.09 0.258 0.199 0.143 40.97 0.045 2.577 0.886 0.280 0.053
54.35 0.168 0.192 0.134 41.38 0.042 2.575 0.855 0.221 0.061
53.63 0.192 0.197 0.139 40.12 0.044 2.666 0.848 0.302 0.064
53.66 0.105 0.189 0.123 40.38 0.040 2.662 0.813 0.292 0.059
53.43 0.103 0.191 0.138 41.95 0.041 2.652 0.845 0.243 0.049
53.65 0.257 0.198 0.144 40.72 0.047 2.509 0.889 0.300 0.061
53.14 0.134 0.193 0.133 40.25 0.043 2.707 0.825 0.278 0.055
52.92 0.150 0.195 0.137 40.61 0.043 2.712 0.839 0.382 0.055
53.81 0.199 0.204 0.228 41.39 0.102 2.393 1.052 0.234 0.065
53.85 0.151 0.201 0.221 40.13 0.100 2.455 1.037 0.202 0.047
53.17 0.206 0.199 0.725 40.41 0.467 2.405 1.049 0.846 0.070
53.76 0.196 0.205 0.140 41.28 0.042 2.682 0.866 0.189 0.048
53.18 0.234 0.203 0.233 40.46 0.107 2.481 1.074 0.271 0.078
54.18 0.146 0.198 0.216 41.51 0.099 2.371 1.017 0.211 0.065
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Table X-aq Apatite phenocrysts from Sherman Falls, NY K-bentonite B-1 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
52.77 0.066 0.130 0.239 40.50 0.053 3.010 0.652 0.194 0.068
52.42 0.061 0.134 0.255 39.09 0.057 2.941 0.670 0.355 0.051
53.06 0.083 0.140 0.261 39.99 0.056 2.952 0.660 0.169 0.040
52.70 0.063 0.144 0.263 39.49 0.052 2.894 0.663 0.237 0.048
52.81 0.060 0.141 0.265 39.05 0.057 2.802 0.665 0.319 0.060
52.48 0.022 0.094 0.338 40.28 0.235 2.526 0.230 0.168 0.038
52.57 0.064 0.136 0.244 39.74 0.057 2.972 0.654 0.148 0.045
52.95 0.057 0.157 0.269 39.52 0.050 2.846 0.670 0.328 0.050
52.95 0.055 0.137 0.257 39.31 0.051 2.921 0.664 0.323 0.052
53.29 0.084 0.136 0.252 40.21 0.056 2.850 0.665 0.166 0.049
52.34 0.055 0.134 0.254 40.17 0.054 2.873 0.655 0.314 0.046
52.19 0.067 0.131 0.245 39.92 0.055 2.910 0.657 0.195 0.064
52.83 0.055 0.131 0.248 40.14 0.057 2.921 0.661 0.269 0.055
52.79 0.049 0.133 0.259 39.07 0.053 2.837 0.683 0.363 0.057
52.85 0.063 0.146 0.260 40.49 0.055 2.984 0.664 0.162 0.047
52.14 0.059 0.131 0.251 39.25 0.051 2.930 0.638 0.318 0.076
 
 
Table X-ar Apatite phenocrysts from Watertown Quarry, NY 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
50.64 0.028 0.066 0.118 39.21 0.027 4.990 0.699   
50.68 0.003   39.09 0.004 4.670 0.043   
50.87 0.008 0.032  39.99 0.005 4.160 0.056   
50.90 0.039 0.098 0.065 40.68 0.022 4.700 0.101   
50.53 0.025 0.058 0.063 39.27 0.006 5.010 0.130   
50.63 0.112 0.102 0.030 38.76 0.008 4.800 0.387   
55.40 0.017 0.017 0.048 40.98 0.007 4.070 0.164 0.115 0.100
55.94 0.032 0.015 0.040 41.73  4.110 0.153 0.096 0.064
55.86  0.000 0.007 41.35  4.330 0.003 0.065 0.105
53.71 0.035 0.086 0.106 40.68 0.018 3.570 0.282 0.422 0.073
55.04 0.029 0.189 0.027 41.83  3.480 0.085 0.180 0.042
55.05 0.054 0.044 0.032 41.49 0.001 3.070 0.329 0.185 0.159
55.22 0.032 0.021 0.054 41.12 0.003 4.020 0.086 0.115 0.057
54.82 0.167 0.013 0.011 41.52  3.980 0.070 0.082 0.074
54.46 0.021 0.074 0.022 41.00  3.720 0.057 0.406 0.037
54.80 0.074 0.013 0.125 40.98 0.190 4.130 0.011 0.328 0.113
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*Table X-as Apatite phenocrysts from Otsquago Creek, NY the "Spring Street" K-
bentonite 
CaO Na2O MnO FeO P2O5 MgO F Cl 
51.97 0.035 0.144 0.320 41.70 0.108 3.240 1.120 
51.32 0.029 0.164 0.324 41.41 0.110 3.290 1.130 
51.50 0.032 0.151 0.322 41.99 0.107 3.180 1.120 
51.55 0.040 0.158 0.317 41.16 0.112 3.270 1.160 
52.01 0.043 0.169 0.322 41.59 0.107 3.000 1.160 
52.63 0.027 0.162 0.324 41.54 0.107 3.390 0.925 
52.46 0.031 0.171 0.325 41.16 0.106 3.500 0.906 
52.14 0.033 0.175 0.325 41.25 0.106 3.570 0.909 
52.02 0.039 0.143 0.318 41.23 0.111 3.530 1.180 
52.23 0.041 0.179 0.320 41.00 0.109 3.340 1.170 
51.96 0.047 0.152 0.314 41.17 0.114 3.320 1.160 
51.59 0.046 0.152 0.311 41.03 0.110 3.350 1.160 
51.15 0.031 0.241 0.328 41.97 0.102 3.060 1.133 
51.26 0.041 0.207 0.330 41.96 0.104 2.740 1.145 
51.30 0.024 0.177 0.333 42.16 0.104 2.800 1.140 
50.74 0.028 0.212 0.327 41.88 0.105 2.300 1.145 
50.68 0.034 0.129 0.352 41.57 0.104 2.490 1.123 
50.88 0.024 0.154 0.350 42.39 0.105 3.120 0.780 
51.27 0.039 0.183 0.323 42.08 0.103 2.960 1.130 
51.65 0.033 0.151 0.327 42.46 0.100 2.940 1.150 
51.72 0.031 0.155 0.354 42.77 0.104 2.770 0.838 
51.41 0.031 0.145 0.333 42.19 0.100 3.230 1.137 
 
*Note: Electron Microprobe Analysis performed by Steffi Dannenmann. 
 
 
Table X-at Apatite phenocrysts from Rathbun Brook, NY (Topmost Dolgeville) 
CaO  Na2O  MnO FeO P2O5 MgO F  Cl  SiO2  SrO 
52.92 0.085 0.104 0.250 41.35 0.090 2.894 0.428 0.309 0.066
53.50 0.085 0.141 0.252 41.99 0.056 2.715 0.597 0.270 0.045
53.36 0.070 0.141 0.247 41.71 0.059 2.774 0.599 0.277 0.046
54.58 0.078 0.038 0.026 42.71 0.007 3.490 0.057 0.047 0.156
53.76 0.036 0.065 0.010 41.60  3.740 0.054 0.440 0.036
53.36 0.062 0.052 0.055 41.32 0.011 3.700 0.064 0.621 0.037
53.80 0.014 0.038 0.045 42.01 0.004 4.020 0.074 0.341 0.044
53.60 0.059 0.054 0.040 41.32 0.017 3.830 0.182 0.416 0.051
54.64 0.004 0.045 0.013 42.71 0.006 3.520 0.015 0.010 0.037
54.30 0.017 0.015 0.029 42.64 0.001 3.640 0.091 0.085 0.040
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Table X-au Apatite phenocrysts from Steuben, NY K-bentonite B-2 
CaO  Na2O  MnO FeO P2O5 MgO F  Cl  SiO2  SrO 
54.14 0.036 0.118 0.354 42.15 0.229 2.315 0.516 0.138 0.079
54.09 0.026 0.119 0.343 41.85 0.220 2.425 0.514 0.148 0.078
54.39 0.035 0.117 0.345 42.16 0.224 2.316 0.510 0.136 0.081
54.37 0.032 0.118 0.353 41.73 0.238 2.420 0.513 0.157 0.073
54.43 0.039 0.121 0.351 42.01 0.225 2.383 0.516 0.121 0.078
54.29 0.036 0.118 0.359 41.08 0.236 2.502 0.439 0.139 0.087
54.57 0.032 0.120 0.358 41.89 0.226 2.442 0.516 0.159 0.085
54.65 0.027 0.118 0.357 42.36 0.235 2.414 0.516 0.153 0.080
54.53 0.029 0.119 0.349 42.12 0.223 2.415 0.520 0.172 0.079
54.62 0.028 0.120 0.368 42.05 0.238 2.420 0.446 0.158 0.089
54.40 0.026 0.120 0.352 42.18 0.230 2.396 0.513 0.164 0.083
54.31 0.038 0.119 0.346 41.79 0.215 2.438 0.514 0.145 0.078
 
 
Table X-av Apatite phenocrysts from Nowadaga Creek, NY K-bentonite B-0 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
52.84 0.095 0.098 0.200 41.09 0.038 3.210 0.193 0.159 0.048
52.87 0.099 0.116 0.260 40.58 0.049 3.150 0.198 0.187 0.055
52.91 0.096 0.101 0.208 40.18 0.037 3.230 0.189 0.144 0.046
53.05 0.085 0.104 0.207 40.61 0.036 3.010 0.189 0.171 0.046
52.63 0.086 0.098 0.247 40.25 0.031 3.250 0.191 0.154 0.048
52.38 0.079 0.100 0.211 41.03 0.036 2.951 0.197 0.269 0.048
53.20 0.087 0.096 0.216 40.58 0.051 3.360 0.173 0.034 0.058
53.33 0.082 0.101 0.204 41.28 0.034 2.972 0.200 0.154 0.044
52.23 0.108 0.097 0.207 40.53 0.044 3.320 0.190 0.160 0.055
53.15 0.089 0.099 0.234 41.34 0.070 3.080 0.189 0.075 0.062
53.59 0.083 0.104 0.206 41.96 0.033 3.030 0.194 0.220 0.046
52.83 0.094 0.098 0.204 41.09 0.039 3.310 0.190 0.155 0.044
52.17 0.101 0.113 0.263 41.00 0.049 3.310 0.197 0.186 0.055
52.66 0.100 0.105 0.208 40.04 0.038 3.340 0.197 0.324 0.045
53.47 0.096 0.101 0.209 40.69 0.041 3.170 0.205 0.180 0.046
54.01 0.087 0.102 0.244 40.56 0.031 3.310 0.169 0.157 0.049
53.28 0.084 0.102 0.209 40.53 0.035 3.170 0.204 0.191 0.037
53.43 0.096 0.099 0.198 39.84 0.040 3.820 0.192 0.031 0.056
53.17 0.084 0.105 0.209 41.06 0.033 3.080 0.200 0.158 0.042
52.43 0.103 0.098 0.211 40.83 0.045 3.080 0.157 0.159 0.048
53.88 0.087 0.101 0.208 41.66 0.039 3.160 0.168 0.070 0.048
53.02 0.081 0.105 0.208 41.61 0.032 3.110 0.201 0.189 0.040
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Table X-aw Apatite phenocrysts from Small's Bush Road, NY @ 29.5 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
52.86 0.071 0.112 0.226 39.65 0.013 3.070 0.204 0.191 0.085
53.06 0.078 0.101 0.202 40.11 0.007 3.370 0.199 0.145 0.064
53.48 0.077 0.108 0.198 40.01 0.007 3.200 0.192 0.088 0.049
52.96 0.087 0.104 0.205 39.62 0.014 3.440 0.191 0.142 0.069
54.00 0.090 0.101 0.201 40.87 0.010 3.190 0.194 0.027 0.053
 
 
Table X-ax Apatite phenocrysts from the "County Home South" K-bentonite from NY 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
51.98 0.099 0.104 0.218 41.09 0.081 2.981 0.222 0.485  
51.71 0.084 0.109 0.217 40.50 0.042 3.010 0.193 0.056 0.043
51.91 0.090 0.109 0.218 40.31 0.043 2.989 0.191 0.090  
52.03 0.091 0.103 0.217 40.66 0.043 3.030 0.195   
52.04 0.074 0.086 0.240 41.60 0.047 3.030 0.172 0.183  
51.91 0.097 0.105 0.208 40.51 0.041 3.020 0.191   
52.51 0.090 0.108 0.219 40.84 0.038 3.000 0.189   
51.61 0.084 0.107 0.226 40.99 0.042 3.020 0.199 0.820 0.054
51.78 0.084 0.113 0.218 40.54 0.039 3.030 0.190 0.172 0.049
52.05 0.085 0.105 0.219 40.90 0.039 3.010 0.192 0.152 0.048
52.88 0.092 0.103 0.220 40.62 0.040 3.060 0.192 0.175 0.045
52.72 0.091 0.113 0.204 40.85 0.034 3.160 0.195 0.153 0.051
52.93 0.090 0.110 0.214 40.70 0.036 2.999 0.195 0.100 0.041
53.62 0.045 0.039 0.042 41.51  2.902 0.376 0.067 0.045
52.85 0.089 0.104 0.212 41.21 0.036 2.995 0.193 0.111 0.043
52.75 0.103 0.101 0.215 41.07 0.041 3.030 0.197 0.292 0.044
53.39 0.087 0.104 0.215 41.64 0.037 2.984 0.185 0.120 0.046
53.28 0.096 0.101 0.212 41.63 0.040 3.140 0.195 0.083 0.051
53.02 0.085 0.109 0.211 40.97 0.037 3.110 0.192 0.129 0.049
52.92 0.080 0.102 0.215 41.25 0.037 3.020 0.198 0.203 0.049
53.27 0.089 0.107 0.214 40.39 0.038 3.070 0.195 0.139 0.050
53.02 0.087 0.101 0.216 41.48 0.037 2.940 0.186 0.117 0.044
52.79 0.085 0.105 0.218 40.46 0.038 3.070 0.195 0.153 0.052
52.71  0.108 0.215 41.16 0.039 3.050  0.139 0.049
53.00 0.088 0.096 0.207 40.95 0.042 3.040 0.191 0.127 0.049
52.82 0.084 0.110 0.228 41.23 0.040 3.130 0.199 0.226 0.044
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*Table X-ay Apatite phenocrysts from Myers Road, NY K-bentonite MC2 
Na2O MnO FeO MgO F Cl 
0.074 0.115 0.185 0.040 3.410 0.288 
0.069 0.110 0.182 0.035 3.800 0.299 
0.067 0.125 0.196 0.040 3.820 0.285 
0.063 0.114 0.178 0.038 3.890 0.289 
0.057 0.109 0.178 0.039 4.060 0.297 
0.061 0.122 0.192 0.043 4.160 0.294 
0.064 0.136 0.192 0.040 3.570 0.284 
0.061 0.109 0.185 0.038 3.440 0.299 
 
* Note: Electron Microprobe Analysis performed by Ben Hanson and Steffi Dannenmann 
 
Table X-az Apatite phenocrysts from City Brook, NY @ 5.6 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
53.83  0.075 0.018 42.55  3.73 0.249 0.170 0.041
54.28  0.049 0.044 41.88 0.001 3.98 0.033 0.293 0.034
54.01  0.064 0.036 42.01 0.003 4.11 0.046 0.064 0.023
53.70  0.085 0.025 42.79 0.002 3.98 0.127 0.303 0.053
53.07  0.064 0.037 41.42 0.003 4.12 0.042 0.425 0.030
54.54  0.059 0.035 42.13 0.001 4.09 0.023 0.326 0.030
53.04  0.113 0.087 41.26 0.009 3.64 0.514 0.506 0.054
53.95  0.044 0.060 41.99 0.001 4.03 0.021 0.272 0.034
54.98  0.064 0.056 42.29 0.004 3.38 0.129 0.093 0.038
55.00  0.084 0.036 42.99  4.01 0.062 0.132 0.036
55.25  0.017 0.053 41.74 0.003 4.13 0.037 0.247 0.044
54.80  0.041 0.168 41.75 0.042 3.86 0.072 0.209 0.039
53.44  0.103 0.040 42.63 0.006 3.84 0.071 0.431 0.023
51.21 0.119 0.075 0.020 39.83  3.69 0.244 0.168 0.038
51.66 0.025 0.046 0.042 39.53 0.003 3.74 0.029 0.269 0.042
51.88 0.009 0.060 0.039 40.29 0.003 4.19 0.042 0.055 0.035
51.07 0.010 0.076 0.019 39.90 0.001 3.92 0.127 0.382 0.052
51.72 0.031 0.064 0.036 38.96 0.002 3.92 0.042 0.326 0.025
52.15 0.022 0.060 0.033 40.85 0.000 3.92 0.020 0.171 0.032
51.02 0.150 0.111 0.082 38.72 0.009 3.54 0.500 0.439 0.056
52.08 0.027 0.046 0.058 39.70 0.001 3.95 0.021 0.231 0.036
51.74 0.025 0.064 0.095 40.74 0.027 3.33 0.130 0.119 0.042
52.44 0.023 0.083 0.036 40.24 0.000 3.65 0.053 0.113 0.029
52.62 0.027 0.042 0.063 40.17 0.008 3.70 0.068 0.084 0.037
51.57 0.194 0.100 0.038 39.11 0.003 3.77 0.060 0.387 0.029
52.46 0.028 0.015 0.053 39.21 0.005 3.62 0.032 0.224 0.039
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Table X-ba Apatite phenocrysts from City Brook, NY @ 2 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
54.56  0.040 0.067 41.43 0.008 4.19 0.032 0.129 0.047
54.71  0.044 0.095 42.13 0.010 3.76 0.119 0.111 0.071
54.24  0.027 0.030 41.50 0.004 3.75 0.330 0.286 0.059
54.03  0.034 0.039 42.47 0.005 4.43 0.032 0.116 0.046
53.80  0.042 0.048 42.25 0.001 4.53 0.050 0.311 0.052
54.45  0.020 0.031 44.07 0.002 3.71 0.032 0.227 0.040
53.59  0.036 0.091 42.03  3.20 0.806 0.244 0.073
53.36  0.037 0.052 42.04  4.84 0.004 0.583 0.039
54.39  0.047 0.045 41.62 0.002 4.24 0.049 0.559 0.042
54.00  0.026 0.023 41.60  4.47 0.074 0.505 0.042
53.74  0.052 0.039 41.17 0.002 4.54 0.046 0.652 0.043
54.02  0.059 0.064 41.41 0.005 4.08 0.149 0.429 0.040
54.05 0.057 0.027 0.029 40.27 0.004 3.78 0.320 0.192 0.062
54.48 0.028 0.045 0.091 40.95 0.009 3.64 0.126 0.122 0.069
54.08 0.034 0.039 0.067 40.96 0.006 3.97 0.035 0.116 0.039
53.90 0.020 0.034 0.038 41.54 0.003 4.13 0.033 0.094 0.038
54.21 0.076 0.021 0.033 40.75 0.002 4.02 0.028 0.171 0.041
53.91 0.079 0.043 0.045 40.82 0.002 4.53 0.051 0.362 0.050
53.11 0.076   39.84 0.002 4.57 0.007   
53.99 0.045 0.032 0.090 40.86  3.11 0.778 0.213 0.071
53.62 0.047 0.025 0.026 39.97  3.41 0.074 0.452 0.036
53.94 0.047 0.061 0.062 40.42 0.003 3.78 0.143 0.368 0.031
53.79 0.052 0.053 0.039 39.51 0.002 4.25 0.047 0.564 0.044
53.95 0.016 0.043 0.042 40.40 0.000 4.11 0.043 0.402 0.046
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Table X-bb Apatite phenocrysts from Flat Creek, NY @ 6.0 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
54.88 0.066 0.096 0.205 42.00 0.088 3.12 0.438 0.107 0.054
55.01 0.054 0.094 0.200 42.26 0.088 3.24 0.478 0.141 0.065
54.83 0.051 0.102 0.214 41.35 0.091 3.09 0.481 0.219 0.056
54.32 0.048 0.094 0.196 42.12 0.086 3.10 0.477 0.294 0.058
54.30 0.053 0.092 0.200 41.97 0.087 3.17 0.474 0.225 0.059
54.22 0.052 0.094 0.206 42.30 0.088 3.10 0.482 0.240 0.063
54.49 0.056 0.105 0.212 42.62 0.086 3.12 0.492 0.132 0.055
54.80 0.056 0.101 0.220 41.61 0.087 3.03 0.502 0.239 0.053
54.41 0.085 0.099 0.300 41.79 0.095 3.27 0.479 0.164 0.052
54.73 0.035 0.074 0.142 42.76 0.008 3.19 0.588 0.110 0.059
55.14 0.009 0.036 0.026 41.93  3.99 0.175 0.161  
55.77 0.064 0.090 0.192 41.90 0.087 3.12 0.471 0.122 0.053
55.15 0.062 0.096 0.202 42.52 0.089 3.17 0.475 0.127 0.062
54.85 0.071 0.092 0.189 42.21 0.087 3.22 0.481 0.106 0.055
54.64 0.055 0.091 0.198 41.64 0.090 3.19 0.474 0.127 0.064
52.85 0.113 0.095 0.498 40.27 0.100 3.10 0.474  0.057
54.92 0.120 0.092 0.212 40.70 0.089 3.26 0.488 0.215 0.052
54.96 0.056 0.092 0.202 41.67 0.090 3.11 0.476 0.251 0.055
54.80 0.056 0.056 0.025 42.28  4.32 0.017 0.342 0.024
54.45 0.054 0.092 0.204 42.77 0.089 3.00 0.483 0.259 0.060
54.63 0.058 0.096 0.198 42.11 0.083 3.18 0.482 0.263 0.056
55.47 0.058 0.095 0.190 43.21 0.084 3.09 0.479 0.159 0.053
54.97 0.102 0.093 0.205 42.76 0.089 3.14 0.480 0.144 0.068
55.13 0.104 0.100 0.221 42.56 0.095 3.11 0.496 0.174 0.051
55.27 0.060 0.096 0.216 41.41 0.094 3.18 0.427 0.136 0.057
55.59 0.059 0.093 0.203 42.04 0.090 3.18 0.477 0.051 0.056
55.44 0.093 0.096 0.208 42.19 0.090 3.23 0.474 0.145 0.061
54.80 0.082 0.108 0.222 42.26 0.090 3.06 0.491 0.133 0.056
55.51 0.056 0.016 0.051 42.05  4.19 0.018 0.153 0.034
54.23 0.065 0.097 0.207 42.16 0.090 3.15 0.484 0.191 0.055
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Table X-bc Apatite phenocrysts from Flat Creek, NY @ 4.2 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
54.27 0.076 0.168 0.197 42.47 0.086 2.57 0.323 0.148 0.047
54.40 0.097 0.153 0.187 41.46 0.087 2.82 0.321 0.132 0.050
54.31 0.098 0.146 0.196 41.45 0.097 2.65 0.322 0.149 0.047
54.33 0.093 0.123 0.192 41.41 0.105 2.94 0.297 0.148 0.048
54.22 0.077 0.137 0.184 41.13 0.088 2.81 0.318 0.185 0.050
54.20 0.069 0.144 0.211 41.28 0.103 2.77 0.308 0.234 0.047
54.16 0.082 0.123 0.192 41.60 0.103 2.84 0.304 0.067 0.058
54.40 0.076 0.154 0.188 41.60 0.089 2.87 0.325 0.168 0.052
54.65 0.080 0.138 0.180 41.77 0.084 2.70 0.317 0.082 0.052
54.70 0.073 0.171 0.203 41.27 0.090 2.73 0.324 0.224 0.046
54.73 0.135 0.197 0.186 41.03 0.071 2.51 0.732 0.175 0.076
54.45 0.067 0.154 0.196 41.02 0.090 2.81 0.278 0.280 0.050
54.77 0.052 0.084 0.177 40.71 0.094 2.87 0.276   
54.60 0.075 0.175 0.203 40.92 0.083 2.71 0.326 0.333 0.048
54.91 0.021 0.055 0.066 41.32  4.80 0.045 0.355 0.048
55.45  0.025 0.049 41.69 0.001 4.13 0.067 0.126 0.086
54.27 0.090 0.170 0.201 41.45 0.085 2.63 0.327 0.161 0.052
53.93 0.076 0.146 0.210 41.61 0.093 2.80 0.324 0.165 0.050
53.96 0.154 0.159 0.205 41.19 0.093 2.74 0.337 0.234 0.052
55.25 0.003 0.090 0.029 41.62  4.34 0.023 0.135 0.031
53.96 0.095 0.175 0.201 41.59 0.093 2.82 0.320 0.221 0.044
53.54 0.108 0.176 0.201 40.31 0.092 2.81 0.329 0.241 0.042
54.15 0.111 0.171 0.204 41.69 0.090 2.72 0.327 0.225 0.051
55.25 0.084 0.158 0.190 41.89 0.087 2.76 0.322 0.053 0.045
54.80 0.077 0.139 0.184 41.46 0.089 2.81 0.315 0.205 0.048
54.33 0.079 0.149 0.195 41.65 0.091 2.79 0.322 0.211 0.050
54.51 0.077 0.116 0.185 41.80 0.101 3.08 0.405 0.069 0.050
54.36 0.085 0.143 0.188 41.09 0.089 2.65 0.316 0.140 0.048
54.63 0.078 0.154 0.191 41.62 0.089 2.76 0.316 0.163 0.045
54.49 0.147 0.154 0.199 40.58 0.093 2.71 0.330 0.224 0.048
54.35 0.108 0.144 0.188 41.56 0.093 2.77 0.320 0.209 0.046
54.32 0.095 0.152 0.196 40.92 0.089 2.72 0.330 0.290 0.050
54.40 0.159 0.148 0.206 40.85 0.097 2.65 0.334 0.203 0.045
54.52 0.087 0.153 0.203 41.87 0.093 2.72 0.263 0.176 0.050
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Table X-bd Apatite phenocrysts from Canajoharie Creek, NY K-bentonite B-23            
@ 73.9 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
51.90 0.020 0.125 0.444 40.84 0.229 2.02 0.683 0.109 0.046
51.96 0.015 0.124 0.448 41.08 0.252 1.98 0.654 0.117 0.045
52.09 0.017 0.124 0.436 41.62 0.256 1.96 0.652 0.130 0.052
51.66 0.083 0.068 0.077 39.51 0.007 4.14 0.020 0.501 0.028
52.14 0.018 0.128 0.448 41.19 0.225 2.12 0.684 0.131 0.049
51.92 0.027 0.133 0.444 40.75 0.233 1.99 0.676 0.114 0.048
51.85 0.006 0.109 0.300 41.42 0.188 2.13 0.485  0.176
51.96 0.026 0.145 0.355 41.28 0.206 1.94 0.598 0.119 0.043
51.80 0.028 0.148 0.349 41.63 0.169 2.20 0.524 0.126 0.050
52.03 0.069 0.095 0.265 40.89 0.193 2.27 0.279 0.138 0.038
51.87 0.025 0.139 0.400 40.55 0.190 2.18 0.637 0.093 0.057
51.93 0.020 0.128 0.430 40.88 0.207 2.17 0.648 0.119 0.043
52.03 0.024 0.128 0.434 41.46 0.230 2.02 0.651 0.109 0.045
52.03 0.019 0.126 0.436 40.80 0.220 2.05 0.659 0.109 0.045
52.29 0.024 0.137 0.359 40.79 0.220 1.93 0.562 0.123 0.048
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Table X-be Apatite phenocrysts from Canajoharie Creek, NY K-bentonite B-17 @ 67 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
52.63 0.018 0.044 0.068 40.97 0.024 4.03 0.091 0.008 0.031
51.76 0.047 0.020 0.107 40.67 0.017 3.86 0.500 0.266 0.041
51.38 0.079 0.124 0.336 40.72 0.354 2.20 0.416 0.124 0.083
52.45 0.026 0.105 0.021 41.11 0.005 3.83 0.039 0.097 0.039
52.50 0.033 0.031 0.028 41.04 0.004 3.61 0.054 0.092 0.043
52.24 0.032 0.031 0.049 40.69 0.007 3.89 0.089 0.254 0.044
 
 
Table X-bf Apatite phenocrysts from Canajoharie Creek, NY K-bentonite B-16             
@ 65.5 m 
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
54.74 0.084 0.012 0.067 41.58 0.003 4.09 0.016 0.277 0.027
55.26 0.029 0.019 0.038 42.50 0.013 3.86 0.027 0.175 0.056
54.29 0.030 0.123 0.411 42.09 0.189 2.56 0.724 0.147 0.053
54.42 0.053 0.027 0.043 41.50 0.001 4.24 0.005 0.371 0.028
54.30 0.030 0.157 0.353 41.60 0.166 2.29 0.615 0.144 0.048
54.30 0.021 0.130 0.378 42.09 0.267 2.03 0.495 0.140 0.055
54.60 0.028 0.132 0.380 42.32 0.257 2.13 0.543 0.142 0.051
54.23 0.035 0.099 0.383 41.99 0.352 1.65 0.333 0.148 0.046
54.33 0.057 0.107 0.395 41.90 0.345 1.85 0.381 0.219 0.046
54.18 0.018 0.143 0.367 42.19 0.220 2.17 0.534 0.138 0.060
53.94 0.031 0.116 0.376 41.25 0.269 1.97 0.530 0.129 0.048
53.75 0.022 0.153 0.353 41.40 0.178 2.33 0.612 0.131 0.055
53.73 0.020 0.143 0.357 41.40 0.219 2.21 0.537 0.161 0.055
54.06 0.029 0.159 0.347 41.85 0.156 2.43 0.628 0.136 0.059
53.56 0.016 0.131 0.365 40.74 0.315 1.98 0.511 0.137 0.045
53.64 0.034 0.146 0.346 41.18 0.157 2.42 0.641 0.132 0.042
53.47 0.034 0.152 0.354 41.22 0.181 2.43 0.608 0.130 0.050
53.66 0.022 0.118 0.392 40.79 0.270 2.11 0.637 0.134 0.042
54.64 0.026 0.005 0.043 41.72 0.008 4.50 0.102 0.073 0.078
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Table X-bg Apatite phenocrysts from Canajoharie Creek, NY K-bentonite B-14            
@ 63.5 m  
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
52.69 0.230 0.649 0.939 42.18 0.305 2.86 0.304 0.076 0.038
54.12 0.063 0.264 0.204 42.14 0.014 3.15 0.245 0.229 0.036
52.66 0.223 0.407 0.919 40.95 0.372 3.06 0.302 0.065 0.036
52.92 0.228 0.301 0.930 41.46 0.440 3.28 0.244 0.052 0.043
52.46 0.232 0.289 0.883 40.91 0.432 3.16 0.252 0.065 0.047
54.57 0.070 0.113 0.353 41.74 0.077 3.55 0.375 0.016 0.049
50.32 0.112 0.061 0.055 36.16 0.002 4.59 0.002  0.016
52.17 0.233 0.489 0.930 40.77 0.347 2.93 0.333 0.076 0.025
52.38 0.230 0.633 0.909 41.64 0.295 2.86 0.301 0.076 0.041
51.49 0.067 0.293 0.207 39.93 0.015 3.15 0.225 0.286 0.030
51.30 0.056 0.119 0.270 39.99 0.063 2.99 0.288 0.444 0.046
51.61 0.175 0.132 0.090 40.61 0.010 3.76 0.111 0.200 0.092
51.64 0.062 0.118 0.255 40.20 0.062 2.95 0.279 0.230 0.045
51.48 0.064 0.268 0.211 40.36 0.017 3.22 0.246 0.325 0.038
51.38 0.067 0.270 0.215 40.04 0.016 3.38 0.248 0.447 0.036
51.69 0.107 0.205 0.179 40.17 0.015 3.63 0.199 0.318 0.054
51.61 0.067 0.104 0.258 40.42 0.073 3.09 0.267 0.566 0.048
51.75 0.064 0.269 0.210 40.44 0.017 3.24 0.246 0.339 0.034
51.49 0.056 0.120 0.266 39.98 0.063 3.00 0.270 0.367 0.037
51.21 0.070 0.299 0.208 40.58 0.014 3.24 0.225 0.399 0.033
51.81 0.073 0.273 0.243 39.71 0.017 3.28 0.242 0.218 0.028
51.60 0.059 0.119 0.259 40.36 0.066 3.02 0.288 0.215 0.045
52.03 0.045 0.172 0.142 41.00 0.019 3.23 0.211 0.069 0.029
51.49 0.064 0.121 0.255 40.05 0.063 2.93 0.274 0.198 0.039
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Table X-bh Apatite phenocrysts from Canajoharie Creek, NY K-bentonite B-13            
@ 61.85 m  
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
54.39 0.030 0.127 0.421 41.59 0.179 3.91 0.343 0.159 0.052
54.35 0.028 0.122 0.467 42.48 0.169 3.93 0.522 0.164 0.059
53.82 0.031 0.135 0.406 41.83 0.218 2.33 0.731 0.209 0.053
53.90 0.025 0.131 0.377 41.59 0.200 2.26 0.719 0.166 0.053
54.27 0.037 0.118 0.497 41.63 0.157 3.85 0.484 0.164 0.060
53.95 0.033 0.133 0.394 41.59 0.206 2.29 0.729 0.163 0.051
54.38 0.025 0.122 0.390 41.84 0.262 2.14 0.645 0.137 0.042
54.10 0.040 0.107 0.259 41.20 0.192 2.50 0.539 0.176 0.118
52.78 0.030 0.131 0.408 39.99 0.229 2.22 0.614 0.162 0.052
54.22 0.044 0.124 0.372 41.95 0.112 3.99 0.367 0.165 0.054
54.15 0.023 0.133 0.404 41.69 0.229 2.93 0.487 0.142 0.050
54.49 0.037 0.142 0.499 41.53 0.105 3.88 0.264 0.160 0.048
54.00 0.031 0.131 0.394 41.41 0.224 2.29 0.725 0.152 0.045
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Table X-bi Apatite phenocrysts from Canajoharie Creek, NY K-bentonite B-2 @ 24 m  
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
54.72 0.055 0.095 0.205 40.67 0.086 3.22 0.474 0.258 0.063
54.37 0.068 0.100 0.207 41.01 0.084 2.99 0.474 0.161 0.064
55.05 0.072 0.101 0.207 41.19 0.083 3.03 0.477 0.169 0.056
55.18 0.081 0.101 0.214 41.71 0.088 3.04 0.481 0.136 0.055
55.12 0.078 0.101 0.224 41.59 0.090 2.98 0.480 0.137 0.057
55.16 0.070 0.093 0.203 41.70 0.085 2.94 0.484 0.148 0.053
54.95 0.065 0.092 0.195 41.40 0.084 3.12 0.471 0.128 0.062
54.22 0.096 0.098 0.273 40.65 0.130 3.15 0.474 0.324 0.055
54.68 0.086 0.098 0.215 40.93 0.088 3.13 0.479 0.157 0.067
54.76 0.081 0.100 0.221 40.46 0.087 3.05 0.485 0.145 0.053
54.71 0.101 0.108 0.222 41.08 0.088 3.04 0.488 0.169 0.059
54.43 0.100 0.104 0.218 41.13 0.090 3.11 0.483 0.143 0.056
55.08 0.055 0.094 0.202 41.48 0.089 3.13 0.470 0.142 0.058
55.17 0.065 0.105 0.210 42.11 0.082 3.04 0.486 0.104 0.061
54.77 0.072 0.094 0.207 41.46 0.085 2.99 0.472 0.116 0.066
54.50 0.054 0.096 0.201 40.71 0.090 3.04 0.470 0.299 0.064
55.44 0.084 0.105 0.218 40.76 0.082 3.08 0.495 0.148 0.060
54.98 0.068 0.095 0.195 40.74 0.085 3.25 0.460 0.141 0.059
54.61 0.071 0.094 0.202 40.88 0.081 2.99 0.391 0.049 0.061
53.26 0.076 0.091 0.199 39.77 0.104 3.18 0.461 0.763 0.086
54.56 0.082 0.098 0.227 40.84 0.086 3.03 0.479 0.168 0.060
55.09 0.056 0.100 0.212 41.06 0.083 3.06 0.486 0.223 0.061
54.67 0.081 0.095 0.202 41.37 0.079 3.12 0.477 0.136 0.062
54.71 0.057 0.093 0.195 40.99 0.082 3.13 0.467 0.145 0.056
54.35 0.054 0.094 0.197 40.88 0.082 3.04 0.466 0.149 0.060
54.78 0.073 0.100 0.214 40.98 0.085 2.97 0.485 0.178 0.066
54.91 0.065 0.098 0.244 40.35 0.087 3.02 0.475 0.150 0.063
54.54 0.048 0.095 0.202 40.69 0.081 3.12 0.475 0.295 0.060
54.43 0.066 0.080 0.206 40.56 0.210 3.33 0.412  0.086
54.00 0.093 0.093 0.196 41.47 0.086 2.96 0.483 0.152 0.058
53.70 0.086 0.096 0.198 42.07 0.085 2.84 0.479 0.156 0.055
53.85 0.081 0.094 0.203 41.35 0.086 2.92 0.487 0.157 0.056
53.96 0.059 0.094 0.202 41.01 0.088 2.86 0.483 0.143 0.062
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Table X-bj Apatite phenocrysts from Ingham Mills, NY @ 19.7 m  
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
53.72 0.007 0.045 0.095 40.70 0.003 3.92 0.152 0.511 0.021
54.50 0.005 0.091 0.037 41.84 0.006 3.79 0.042 0.171 0.037
54.24 0.010 0.016 0.091 41.38 0.012 4.17 0.007 0.212 0.021
54.23 0.117 0.109 0.056 41.78 0.008 3.92 0.043 0.038 0.020
54.08 0.019 0.051 0.045 41.78 0.006 3.92 0.024 0.180 0.027
53.18 0.063 0.009 0.039 41.52 0.003 3.86 0.070 0.488 0.034
54.01 0.003 0.075 0.041 41.58 0.008 3.93 0.020 0.304 0.030
54.07 0.018 0.019 0.057 41.94 0.016 3.76 0.177 0.121 0.041
54.47 0.011 0.015 0.031 41.62 0.004 3.97 0.047 0.162 0.039
53.56 0.117 0.013 0.128 40.92 0.022 3.24 0.508 0.305 0.032
54.18 0.020 0.058 0.019 41.99 0.009 3.69 0.030 0.276 0.027
53.70 0.088 0.026 0.042 42.51 0.002 4.14 0.024 0.189 0.023
54.34 0.045 0.034 0.028 41.79 0.000 3.40 0.180 0.157 0.037
54.62 0.021 0.037 0.034 41.93 0.002 3.96 0.032 0.292 0.029
54.13 0.038 0.039 0.030 42.03 0.006 3.76 0.021 0.239 0.026
54.19 0.073 0.052 0.036 42.07 0.009 3.80 0.024 0.247 0.050
54.36 0.026 0.027 0.057 41.61 0.016 3.40 0.095 0.149 0.050
53.82 0.106 0.087 0.161 42.22 0.019 3.03 0.929 0.066 0.036
 
 
Table X-bk Apatite phenocrysts from Ingham Mills, NY @ 6.9 m  
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
53.77 0.068 0.093 0.173 41.12 0.005 2.20 1.241 0.045 0.060
53.05 0.121 0.109 0.153 40.13 0.014 3.89 0.302 0.663 0.024
53.06 0.046 0.034 0.026 39.04  4.46 0.014 0.872 0.022
54.67 0.050 0.051 0.012 42.01 0.003 3.99 0.042 0.173 0.039
54.94 0.012 0.034 0.016 41.48 0.004 4.05 0.072 0.161 0.032
54.03 0.082 0.039 0.033 40.48 0.002 4.17 0.039 0.319 0.032
53.43 0.107 0.084 0.034 39.61 0.008 4.15 0.110 0.465 0.054
54.46 0.100 0.088 0.076 41.39 0.005 3.66 0.177 0.156 0.046
54.74 0.073 0.109 0.037 41.31 0.006 3.60 0.070 0.064 0.033
54.45 0.018 0.083 0.028 41.06 0.001 3.87 0.032 0.352 0.029
54.51 0.022 0.026 0.047 41.51 0.015 3.92 0.154 0.028 0.055
54.14 0.061 0.015 0.091 41.66 0.020 3.30 0.300 0.201 0.037
54.23 0.056 0.033 0.069 41.09 0.013 4.46 0.023 0.246 0.038
54.72 0.018 0.023 0.033 41.50 0.014 3.83 0.043 0.085 0.030
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Table X-bl Apatite phenocrysts from Ingham Mills, NY @ 6.3 m  
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
53.82 0.029 0.038 0.050 40.89 0.005 4.03 0.041 0.663 0.050
54.36 0.035 0.036 0.041 41.07 0.003 4.29 0.060 0.259 0.033
54.83 0.022 0.033 0.044 42.26 0.005 4.08 0.024 0.153 0.049
54.84 0.079 0.133 0.076 42.23 0.027 3.80  0.028 0.036
54.37 0.027 0.024 0.045 41.54 0.004 3.79 0.240 0.175 0.038
54.27 0.022 0.023 0.261 41.00 0.041 3.45 0.119 0.505 0.036
54.58 0.052 0.056 0.015 41.50  3.87 0.028 0.344 0.026
54.17 0.116 0.096 0.025 41.24 0.005 3.77 0.168 0.212 0.035
54.47 0.055 0.036 0.056 41.42 0.015 3.81 0.233 0.124 0.072
54.62 0.075 0.048 0.065 41.53 0.008 4.12 0.139 0.079 0.040
53.48 0.085 0.041 0.035 40.10 0.000 4.03 0.002 0.633 0.029
54.16 0.018 0.041 0.056 40.49 0.005 3.97 0.026 0.519 0.030
54.71 0.035 0.053 0.092 41.93 0.009 2.91 0.591 0.086 0.077
49.84 0.148 0.135 0.071 35.77  4.68 0.005  0.026
51.04 0.072 0.106 0.074 37.01  4.75 0.005  0.026
53.32 0.088 0.065 0.027 40.15 0.001 4.40 0.019 0.577 0.036
52.57 0.097 0.042 0.044 39.17  4.94 0.026 0.946 0.033
 
 
Table X-bm Apatite phenocrysts from Ingham Mills, NY @ Minus 3.9 m  
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
53.95 0.102 0.069 0.018 40.56 0.002 4.15 0.094 0.619 0.054
54.89 0.031 0.019 0.061 41.68 0.004 4.06 0.001 0.202 0.035
54.59 0.061 0.123 0.025 41.71 0.005 4.06  0.329 0.031
54.58 0.050 0.169 0.003 42.17 0.042 3.85 0.049 0.034 0.037
54.96 0.018 0.016 0.051 41.08 0.011 3.95 0.067 0.115 0.054
55.25 0.028 0.066 0.036 41.68 0.026 3.80 0.014 0.178 0.036
54.78 0.047 0.036 0.007 41.47 0.002 3.68 0.124 0.208 0.034
55.07 0.029 0.028 0.065 42.07 0.018 3.60 0.041 0.120 0.042
54.96 0.069 0.085 0.079 41.68 0.010 3.98 0.073 0.095 0.031
55.24 0.020 0.052 0.051 41.71 0.006 3.96 0.057 0.074 0.043
54.77 0.037 0.045 0.061 41.31 0.002 4.04 0.305 0.153 0.018
53.92 0.066 0.031 0.028 40.75 0.003 5.27 0.008 0.346 0.034
54.33 0.050 0.062 0.048 40.58 0.006 4.16 0.119 0.469 0.050
55.12 0.029 0.017 0.043 41.75 0.006 3.72 0.206 0.038 0.036
54.77 0.037 0.050 0.034 41.28 0.016 3.92 0.054 0.255 0.034
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Table X-bn Apatite phenocrysts from Ingham Mills, NY @ Minus 4.5 m  
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
54.97 0.045 0.029 0.028 41.76 0.002 3.72 0.080 0.083 0.037
54.60 0.066 0.085 0.049 41.56 0.010 3.74 0.090 0.199 0.054
54.84 0.017 0.008 0.018 41.24  3.75 0.055 0.200 0.054
55.16 0.026 0.055 0.028 41.63 0.004 4.29 0.009 0.167 0.039
54.91 0.004 0.040 0.049 41.61 0.006 4.09 0.045 0.146 0.035
53.76 0.093 0.041 0.177 40.72 0.086 4.03 0.251 0.713 0.027
53.68 0.026 0.038 0.057 39.64 0.001 4.86 0.005 0.761 0.036
54.82 0.029 0.073 0.061 41.62 0.017 3.37 0.230 0.165 0.058
54.29 0.107 0.188 0.132 41.13 0.033 2.54 0.793 0.225 0.047
54.92 0.012 0.028 0.044 41.82 0.004 3.78 0.340 0.045 0.022
54.79 0.059 0.058 0.058 41.64 0.014 3.38 0.114 0.078 0.054
55.15 0.015 0.033 0.043 41.75 0.007 4.03 0.058 0.138 0.053
54.82 0.015 0.075 0.034 41.41 0.005 3.95 0.030 0.382 0.040
55.43 0.016 0.045 0.015 41.45 0.002 3.91 0.032 0.186 0.047
 
 
Table X-bo Apatite phenocrysts from Ingham Mills, NY @ Minus 5.2 m  
CaO Na2O MnO FeO P2O5 MgO F Cl SiO2 SrO 
54.10 0.023 0.022 0.010 39.97  4.54 0.014 0.649 0.036
54.05 0.089 0.071 0.027 41.14 0.000 4.47 0.013 0.582 0.026
55.32  0.058 0.015 42.30 0.001 4.19 0.020 0.094 0.030
54.39 0.098 0.064 0.048 41.20 0.010 4.00 0.169 0.282 0.047
54.41 0.061 0.103 0.027 41.21 0.004 4.02 0.047 0.409 0.027
55.06 0.036 0.068 0.038 41.80 0.015 4.02 0.009 0.058 0.064
54.36 0.059 0.052 0.030 40.69 0.001 4.83 0.014 0.370 0.034
54.50 0.075 0.021 0.066 41.47 0.007 4.10 0.014 0.353 0.038
54.06 0.128 0.046 0.060 40.94 0.008 4.22 0.129 0.313 0.044
55.04 0.059 0.067 0.074 42.02 0.006 3.13 0.382 0.146 0.044
53.52 0.081 0.037 0.058 40.24 0.007 4.10 0.014 0.817 0.030
54.66 0.106 0.102 0.028 41.24 0.007 3.83 0.089 0.328 0.081
54.15 0.047 0.052 0.088 40.70 0.005 4.16 0.004 0.516 0.033
54.91 0.044 0.026 0.044 41.80 0.004 3.80 0.156 0.120 0.052
54.91 0.026 0.034 0.050 41.83 0.010 3.65 0.044 0.166 0.048
 
